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Preface

This book was written under contract to the National Aeronautics and
Space Administration (NASA) by members of the staff of TRW Systems
Group, 1 Space Park, Redondo Beach, Calif. Tts objectives are to—

(1) Collect and summarize all significant NASA-sponsored work
published on Dbatteries and related electrochemistry from 1959
through 1966.

(2) Review and analyze the material, its applicability, quality, and
usefulness to the aerospace battery user.

(3) Define the information and data requirements of the aerospace
battery user by comparing data requirements with available data and
pointing out any deficiencies in available data.

(4) Establish improved methods of data presentation and show how
these improvements will be advantageous to the aerospace battery user.

(5) Define three dissimilar space applications of batteries, demonstrate
methods of selecting these batteries to suit the application, and integrate
each battery into an electric-power subsystem.

(6) Recommend methods of providing more useful data to the aero-
space-battery user participating in the NASA-sponsored battery develop-
ment and testing programs.

SCOPE

Four sources of data were used. NASA-sponsored reports, both in-
house and contractual, were the primary source, representing more than
80 percent of the total document list. Other data consisted of the Annual
Power Sources Conference Reports from 1957 through 1967, the Journal
of the Electrochemical Society from 1962 to the present, and Electro-
chemical Technology from 1965 to the present. Because of schedule
restrictions, no effort was made to report on the voluminous work done
under Army, Air Force, or Navy sponsorship, and few such documents
will be found in the bibliography. This book, therefore, must be viewed
as an entry only to the NASA literature, since additional background
material is incomplete.

In general, this book approaches batteries from the user’s viewpoint.
Major emphasis is placed upon developmental work and upon general,
rather than specialized, data. Electrochemical theory is discussed only
to convey a rudimentary understanding of the battery operation to
potential users, who are probably electrical engineers rather than
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chemists. Greater emphasis is placed on thermodynamics than on other
theoretical aspects because of its importance in solving the thermal
problems associated with battery operation.

The volume is divided into 13 chapters. Chapter 1 introduces and
summarizes the state of the art of each battery system and represents the
somewhat subjective opinions of the author.

Chapter 2 contains introductory material applicable to all battery
systems, and gives sufficient background for a rudimentary understanding
of the processes in a galvanic cell and of the operational and test problems
of all types of batteries. Chapter 3 analyzes the data requirements for
the design of sophisticated, high-efficiency space electric-power systems,
develops improved methods of presenting data for use by the system
designer, and explains how these methods are used. The deficiencies in
the available data are analyzed and recommendations are made for data
acquisition. Where possible, all data shown in this book are presented
in the format shown in this chapter. Chapters 4 through 11 deal with
individual battery systems. Each chapter is divided into sections con-
taining a small amount of introductory material, followed by a summary
of the work done under NASA sponsorship. Where possible, data are
examined and decisions are made representing the author’s opinion of the
validity and usefulness of the material. Chapter 12 deals with the basie
principles of dc electric-power-system design for spacecraft, emphasizing
problems encountered in selecting batteries and integrating them into a
high-efficiency electric-power system. These principles are applied in
the final chapter, which analyzes three typical aerospace battery applica-
tions, and generates conceptual electrie-power-system designs.



Foreword

The electrochemical cell is the oldest source of sustained electric power.
By the time the first airborne electric system had risen (a battery-powered
safety lamp on a manned balloon that flew from besieged Paris on No-
vember 24, 1870, landing in Norway some 800 miles away and 15 hours
later), its Poggendorff battery concept was well over 25 years old. The
same galvanic cells were used in bigger batteries to electrically propel the
first dirigible, built in the 1880’s by the Tissandier brothers of Paris.
And a battery also powered the transmitter of the first Russian Sputnik.

Nevertheless, the increasingly exacting demands of space on the
reliability, life, and size of on-board electrochemical energy storers have
required continuing research on, and development of, space cells and
batteries. Hermetically sealed cells, nonmagnetic batteries, and charge
control devices are some of the new products that have resulted from this
effort. Sterilizable cells, high-impact-resistant batteries, long shelf life
and 5-year working life power packs are being readied for use. At the
same time, research is continuing on improved and novel components,
such as seals and separators, on new electrodes and electrolytes, and on
associated problems in thermodynamics, quantum mechanics, and
kinetics.

The purpose of this volume is to summarize the completed portions of
NASA’s work on batteries and related subjects in order to make the
results more easily available, to point out how they can be applied in
system design, while also indicating remaining difficulties and problems,
thus showing where emphasis on further effort is required. Much of the
knowledge that is derived from this program is directly applicable to
commercial and industrial electrochemical devices, so that the author
has made a useful contribution to terrestrial technology as well.

Ernst M. CorN
Head, Electrochemical Systems
Office of Advanced Research and Technology
May 28, 1968
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CHAPTER ].

Introduction, Summary, and
Recommendations

In this chapter, the status of NASA-sponsored battery studies is
viewed in relation to the requirements of present and future space
missions, and recommendations are made which the author hopes will be
8 guide for those working in the field of space-battery development.
These are based upon NASA-sponsored work. The work done by the
Army, Air Force, Navy, and other governmental and private institutions
and investigators is largely unrepresented in their formation.

SPACE-ORIENTED BATTERY APPLICATIONS

Primary batteries, which deliver all their energy in one short period of
time (often in 10 minutes or so), are used for powering launch vehicles.
These short-lived batteries must have high-energy density, high-current
capabilities, and good reliability.

Secondary batteries, those which are used and then recharged, often

several times (cyclically), for further use, have more numerous space
" applications. Batteries with a long-wet-stand time are required for
interplanetary vehicles and space probes. They are discharged at
launching and for course corrections a few times during flight and then
deep discharged in obtaining photos and measurements at flight desti-
nationwith further cycling. Batterieswith limited cycle life may be used
in this application, although the primary sources of power for manned
vehicles are fuel cells, solar-energy conversion, and nuclear reactors;
batteries are needed for emergency power supply for reentry and for -
eclipse periods if solar energy is used. Here, as in interplanetary probes,
reliability, longevity, and rechargeability are more important than high-
current performance.

The periods of charge and discharge in secondary batteries are de-
termined by their uses. The cycles of batteries used to power planetary
orbiting satellites during eclipse periods (with solar-energy converters for
power during illuminated periods) are determined by the duration of the
occultation period (eclipse) and thus depend upon the orbital parameters.
For orbits around the Earth, the eclipse period is rarely longer than
1.2 hours (maximum for synchronous equatorial orbit, although other
kinds of orbits can give longer eclipses). In other applications, timing
of the cycles can be determined by the duty cycle. In these cases,

1



2 BATTERIES FOR SPACE POWER SYSTEMS

secondary batteries are used periodically to operate equipment for which
the power output of the primary power supply is insufficient.

The choice of battery system depends on the intended use. For
example, in practical aspects of the space program, such as Earth-
orbiting satellites used for communication, navigation, weather obser-
vation, geological, mineralogical or agricultural surveys, mapping and
aerial photography, economic considerations make long cycle life more
important than light weight.

Although it is not possible to predict the nature and scope of all future
space missions, it is possible to predict that power requirements will
increase, creating a greater need for lightweight, highly efficient power
systems. This, and the increasing use of high-voltage semiconductor
devices, will make it necessary to overcome the present lack of reliability
in high-voltage secondary batteries, perhaps by improved charge control.
The need to store more energy may necessitate development of higher
capacity cells, although this need may be met by use of smaller parallel
batteries. Use of a number of parallel batteries, rather than a single one,
would result in increased weight, but this is offset by the increase in
reliability, since failure of one battery would not cause total mission
failure.

BATTERY SYSTEMS OF INTEREST FOR
THE SPACE PROGRAM

Four types of battery systems have received much support from
NASA. These are the nickel-cadmium, silver-zine, and silver-cadmium
batteries and the class of batteries which use organic solvents. NASA
has also supported some studies of other types of batteries, such as lead-
acid and ammonia, of fundamental electrochemistry and of facets of
battery technology such as charge .control.

Space-battery development suffers from a lack of performance charac-
teristics data usable by power-system-design engineers. This is further
complicated by a lack of standardization of cells, of testing conditions,
and of data reporting. A detailed discussion of data requirements and
of deficiencies in existing design data and recommendations for a format
for expressing data are contained in chapter 3. In general, design data
are required on the electrical characteristics, heat dissipation, failure
modes, and on charge-control requirements of secondary batteries.
Of these, broad programs have been implemented only for the investiga-
tion of failure modes, and these, in spite of extensive testing, have not
provided quantitative information about the rates of the individual
failure processes. Definitions of failure are critical in determining the
impact of service conditions on life, since a combination of unfavorable
service conditions and failure eriteria leads to rapid performance failure,
although no physieal failure has occurred.

Considerable progress in data acquisition methods and in data analysis
may be expected with the help of computer control systems for battery
testing, and initial steps have been taken to develop data analysis
programs for the detection of impending cell failure.
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NickeL-CApMIUM

The nickel-eadmium battery has the highest survivability and longest
cycle life and is therefore often used as a secondary (cycling) battery,
especially in long-life applications even though it is heavier than the
silver-cadmium battery. Improvements in this cell have been the
development of inert separators and more reliable seals. ‘

"The hermetically sealed cells are designed to operate in the electrolyte-
starved condition, leaving considerable surface for oxygen evolution
recombination at the negative electrode. Oxygen recombination rates
are dependent upon temperature. In these cells, oxygen evolution oceurs
near the charge voltage of the nickel electrode; consequently, the voltage
rise at the end of charge is not sharp and does not clearly indicate com-
pletion of charging, particularly at high temperatures. This complicates
charge control systems based upon voltage; however, the cells are able to
tolerate useful continuous overcharge levels.

Because ferromagnetic metals are used, there is a strong residual
magnetic field (no current flowing) whose intensity is determined by the
direction and amplitude of the last current to flow. The magnetic fields
during current flow are comparable to other batteries having similar
structural and wiring geometry.

Currently, several companies manufacture standard lines of nickel-
cadmium cells specifically designed for space applications and which are
satisfactory for most uses. However, the manufacturer’s quality control
remains poor. Capacities of cells in a lot may vary 5 to 10 percent and
lot-to-lot variations are often larger. The two greatest unsolved prob-
lems are seal integrity and divergence in performance characteristics of
apparently identical cells after prolonged operation. Other significant
problems are those associated with constructional errors.

Nickel-cadmium batteries have been subjected to extensive testing,
primarily to expose the prineipal failure modes, but due to poor control
of experimental variables the data are inadequate for design needs.

Summary of Recommendations.—Cell-quality improvements may be
reasonably expected as a result of work along the following lines:

Redesign of cell-electrode assemblies with concern for process as well
as mechanical factors should eliminate most of the mechanical problems,
such as separator perforation, plate-to-plate short circuits, and burned °
welds. The improvement in reliability appears to be worth the probable
increase in cost and weight. Continued design effort is essential until a
reliable seal has been achieved to prevent loss of oxygen and water vapor.

Greater uniformity of operating characteristics among cells must be
achieved by a closer control of plaque porosity, electrode loading, elec-
trolyte content, and other manufacturing variables. The nature of these
processes make both development and implementation of such controls
expensive, and it is unlikely that the cell manufacturers will pursue this
course without external support. Only through- this close control of
manufacturing variables ean expensive cell-matching procedures be
eliminated and the problems of cell divergence reduced.
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As with other battery systems, it is necessary to develop a consistent
program for performance data that will be useful in design of improved
power systems. Standardization of information is easier for the nickel-
cadmium system due to the use of a standard line of cells. In brief,
it is necessary to determine which variables affect the voltage-current
characteristics of nickel-cadmium cells and to carefully control these
variables while accurate measurements of cell properties are made.

Failure modes for this system have been labeled, but much study is
needed of individual failure processes, such as determination of rate
constants for ehemical reactions involved. Details of requirements and
approaches are in chapter 3.

SILVER-ZINC AND SiLVER-CADMIUM BATTERIES

Much of the NASA-sponsored work in these systems has been in the
development and testing of cells for specific applications.

The silver-zinc system has been developed into a highly reliable
primary battery of the reserve type (i.e., activated immediately prior to
use) with energy densities up to 80 W-h/lb and is often used in launch
vehicles. Performance in this application is generally excellent except
for the relatively high internal heat dissipation caused by discharge of
divalent silver oxide at the voltages of the lower plateau.

For use as secondary batteries, special separators are added to the
silver-zinc system to delay the internal deterioration processes so that the
battery has a long life (wet stand) of approximately 1 year. The re-
chargeability is also improved, with approximately 10 deep discharges, or
500 shallow discharges, permitted due to the addition of multiple layers of
separators. These batteries have relatively high-energy density. High-
current performance is poorer than that of the primary silver-zinc battery,
but this is seldom important for this type of battery.

Silver-cadmium cells are rarely used in primary applications. As a
secondary battery, the advantages of energy density twice that of the
nickel-cadmium cell and of eycle life 1 to 2 orders of magnitude greater than
the silver-zine cell may be outweighed, for many applications, by the low
cell voltage and the resultant poor system voltage regulation. Because
they may be charged more rapidly than silver-zinc cells, silver-cadmium
cells are useful when rapid repetition of cycles is required. Wet-stand
life is approximately 1 to 2 years. Tests on their cycle life have been
inconclusive ; some suggest a potentiality for 10 000 shallow cycles, others
show poor cyclic performance. One extended test program has been
completed but with inadequate subsequent failure analysis. Cyeclic life
is sensitive to the method of charge control used.

In both primary and secondary space applications, silver-zine and
silver-cadmium cells are usually tailormade and no single standard line
of cells has evolved. .

NASA has supported studies of the reaction mechanisms of both silver
and zinc electrodes. The mechanism of the silver electrode and its effect
upon other components in the cell is fairly well understood. The main
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problem with this electrode is the relatively high impedance of the cell
during the period of the transition of the voltage between the upper and
lower plateaus.

The zinc electrode represents the major limiting factor in extending the
cycle life of the silver-zinc battery. It undergoes changes in physical
characteristics during cycling which lead to losses in capacity. Under
some conditions it grows dendrites which perforate the separators and
result in short circuits. This effect may be lessened by including addi-
tives such as Teflon and by cell and power system designs in which
conditions suitable for dendritic growth are avoided.

Separators are a limiting factor in the cycle life of both silver-zinc and
silver-cadmium cells. New separator materials for decreasing the rate of
silver migration within the cell and for stabilizing the zinc electrode have
been developed. Cellulosic materials have the advantage of removing
soluble silver from the electrolyte, but are destroyed in the process.
(Grafting of functional groups onto the surface of inert plastics such as
polyethylene offer some promise.) Considerable effort has been ex-
pended in the development of separator materials and other cell compo-
nents capable of withstanding sterilization temperatures. Inorganic
materials meet this requirement, but have high internal resistances, poor
energy density because of their thickness, and create serious structural
cell-design problems.

Heat evolution rates have been calculated on charge and discharge.
Good agreement is obtained between calculated and measured values of
the total heat evolved over an entire cycle. Poor agreement was found
for heat evolution rates; however, this was due to an inability to deter-
mine the division of current between two simultaneous reactions having
different heat evolution rates.

Both silver-zine and silver-cadmium cells can be made with non-
magnetic materials, so that at zero current their residual magnetic fields
are negligible. During current flow, however, their magnetic fields are
comparable to those of the nickel-cadmium cells unless the batteries are
wired to compensate for this effect.

Because of the variation in cell structural details and the consequent
performance variations, virtually no parametric performance data exist
outside of the manufacturer’s hands.

Recommendations.—The most important requirement for improving
the secondary performance of the silver-zinc battery is further improve-
ment of the stability and reversibility of the zinc electrode. Continued
studies are also needed to eliminate the high-impedance behavior of the
silver electrode that occurs during a portion of the charge and discharge
eyele. Silver migration and the problems it causes need further study
because proposed approaches result in large decreases in the current-
carrying capability of the battery. Attempts have been made to solve
these problems by the development of better separators; more funda-
mental approaches should not be neglected.

Packaging methods used for sealed silver-zinc and silver-cadmium
cells are based on quick-fix modifications of the vented structures. A
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study of the mechanical design of sealed cells could lead to lighter welght
stronger, and more stable structures.

Present difficulties in utilizing silver-cadmium cells effectively stem
from high-pressure behavior of individual cells in a series-connected
battery due to the divergence of characteristics of individual cells.
Intensive attack on this problem requires a standardized product and a
much improved method of charge control.

The practlcahty of standardizing some compromise structure for the
large majority of space applications and of accepting the resulting design
penalties should be seriously examined. Until such standardization
occurs, no general program for gathering parametric data can be under-
taken without excessive cost.

HicuH-ENERGY DENSITY SYSTEMS

Much research has been done on systems employing organic solvents
and high-activity electrode materials to attain batteries with energy
densities greater than 200 W-h/lb. Such systems consist of nonaqueous
solvents, compatible electrolyte, lithium anodes, and either inorganic or
organic cathodes. Presently no working cells of this type are available
for practical application. Reversible cells with inorganic cathodes
(energy densities of more than 100 W-h/1b) should be available in a
few years.

It will be longer before cells with organic cathodes are practical.
Reaction products and mechanisms are not known, and the rapid self-
discharge of the cell due to the solubility of such electrode materials in
the solvent is a serious problem. No approach to the development of a
separator capable of restraining this self-discharge has been evolved.
Organic cathode reactions are usually not completely reversible.

When finally evolved, nonagueous cells constructed in conventional
fashion may be expeeted to be poor in high-current performance, dis-
charging at the 10- to 100-hour rate. This suggests that their usefulness
will be limited to relatively low-rate applications. The development of
high-rate cells would require the development of aprotic electrolyte
solutions with conductivities equivalent to those of aqueous sulfuric acid
and potassium hydroxide solutions. This is unlikely; the potential exists
for weight savings in both manned vehicle and interplanetary probe
secondary-battery applications where some discharge rates may be in
excess of 10 years. '

High-energy density batteries are being developed by the Army and
Air Force for primary batteries in portable field equipment, but there are
fewer similar space applications.

The dry-tape battery, in which active materials are stored individually
until needed, is an attractive idea for some mission applications, at least
until some other type of fuel cell with storable fuel becomes available.
Neither the dry-tape battery nor the hlgh-energy battery can currently
compete with available fuel cells.

The dry-tape concept must be weighed against fuel-cell capabilities.
If a fuel cell with storable fuels can be developed, it would probably be
preferable to the mechanically complex dry tape.



CHAPTER 2

Battery Principles

The fundamental electrochemical principles underlying battery
operation and many of the operating characteristics of batteries and cells
are common to all electrochemical systems. It is the purpose of this
chapter to discuss as simply as possible battery design, operation, control,
and testing in sufficient depth to provide the battery user with a rudi-
mentary understanding of principles, and to collect, in one chapter,
material generally applicable to all batteries. In this way, much repeti-
tion may be avoided. In some cases, although the material is generally
applicable, specific expository examples have been selected.

In keeping with the desire for simplicity, discussion of basic electro-
chemistry is avoided entirely, since it cannot be covered in sufficient
depth to be of practical use within the scope of this book. Thermo-
dynamics is applied for the purpose of deriving an expression for heat
evolution in batteries, For a further discussion of these subjects, the
reader is referred to the many available texts on electrochemistry and
chemical thermodynamics.

A galvanic cell is an electrochemical device, the ingredients of which
can react spontaneously. However, these materials are packaged in
such a way that the reaction process, particularly that of electron transfer,
cannot proceed unless an external circuit is closed. All electrochemical
batteries and fuel cells operate on this principle; i.e., a mutual oxidation-
reduction (redox) reaction. This reaction is a chemical change in which
there is a transfer of electrons from one reactant to the other. The
reactant losing electrons is oxidized, and the one accepting electrons is
reduced. When these reactants are mixed, under the proper conditions,
the reaction occurs spontaneously with the evolution of heat. However, -
when these reactants are mounted on current-collecting electrodes and
prevented from mixing, immersed in an ionic solution (electrolyte), and
connected by an external cireuit, the reaction then proceeds at a rate
which may be controlled by the circuit’s resistance to an electric current.
The products of the reaction enter the electrolyte to replace those
combined at the electrode of opposite polarity at which the chemical
change is completed. The resulting concentration gradients cause
diffusion through the ionized fluid. These reaction products are usually
compounds or ions (fragments of chemical compounds which have lost
or gained electrons and are either negatively or positively charged).
Ionized species must be transported in order to carry current between
electrodes.
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The electrolyte solution is usually made up of a solution of some highly
ionizable chemical, such as sulfuric acid or potassium hydroxide, in water.
The cell’s electric conductivity is directly related to the ionic conduetivity
of the electrolyte; as a result, solutions used as electrolytes have maxi-
mum ionic conductivity, i.e., the ability to transport large numbers of
ions with small potential drops. Other satisfactory electrolyte solutions
may be composed of highly polar, nonaqueous organic solvents containing
dissolved electrolytes. Fused salts, solutions of salts in ammonia, and
even gases may also act as electrolyte solutions.

A simple electrochemical cell operation for a zinc/mercuric-oxide cell
is represented diagrammatically in figure 2-1. Basically, one-half of
the electrochemical reaction occurs at the negative terminal, where the
zine is oxidized in the presence of the OH ion

Zn+40H =Zn(0H),+2¢~
liberating two electrons to the metal in the process.

However, an electrolyte solution saturated with potassium zincate
slowly precipitates zinc oxide. The net reaction may then be written
Zn+20H =ZnO+H,0+2¢ 2-1)
The chemical reaction stops when the half-cell reaction establishes a high
enough potential gradient between the zinc and the electrolyte. The
reaction continues as long as OH™ ions and zinc are available at the
electrode, and the electrons are removed.
At the cathode, the reduction reaction can be expressed by

HgO+H,0+2¢ =Hg+20H" (2-2)

="

e e
ELECTRON FLOW

POTASSIUM

HYDROXIDE

SOLUTION

ZnO  KOH

_— K22n( H)4
_HZO—Hzo———

e OH-<—- OH‘ i HgO
N

Ficure 2-1.—Diagrammatic representation of
a zinc-alkali mercuric-oxide cell.
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This reaction removes both the water and the electrons generated at the
anode and regenerates OH™ ions to replace those consumed at the anode.
Thus the net overall reaction is the sum of the two half-cell reactions of
equations (2-1) and (2-2). By deleting identical terms from both sides,
a simple redox reaction is produced:

Zn+HgO=Zn0--Hg

For the reaction in the galvanic cell to progress smoothly, the following
processes must occur:

(1) Electrons must find a continuous external path from anode to
cathode. The reaction rate may be limited by the rate of this electron
transfer.

(2) Water is generated at the anode and consumed at the cathode.
This transference of water occurs by diffusion, but in some types of
batteries is assisted by fluid convection. The reaction rate may be
limited by the mass-transport rate of molecules or ions (below).

(3) The hydroxyl ion (OH™) is generated at the cathode and con-
sumed at the anode, requiring transport from cathode to anode.
Normally, the rate of transport through the bulk of the fluid of materials
other than the major current carriers is controlled by diffusion processes,
since the influence of the electrical field of the electrodes upon the charged
ion extends only a short distance (less than 0.5 millimeter) into the
electrolyte.

Some form of mass transport occurs in all batteries. Mass-transport
characteristics are important to the behavior of a cell and may be
responsible for a significant portion of the energy losses.

Electrochemical systems used in rechargeable or secondary batteries
are reversible. After electrical energy has been delivered from the
battery, the process may be reversed by pumping electric current through
the cell in the opposite direction.

GALVANIC CELL YOLTAGES

The theoretical open-circuit voltage of a galvanic cell is determined
solely by the thermodynamics of the reactions and is independent of the -
quantities of material present in the solid state. Normally, the chemical
reactions are written separately as cathode and anode reactions, each
characterized by standard electrode potentials. These have been
determined for most inorganic electrode reactions. Under standard
conditions the cell voltage is the algebraic sum of the standard electrode
potentials of the two electrodes.

The reversible or zero current potential, E, ., of a cell varies as con-
ditions depart from the standard state. The value of E,, may be
corrected for such departures by use of the appropriate theoretical rela-
tionships. In general, where cell reactions and electrode processes are
precisely understood, the agreement between measured values and theory
is excellent.
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PovraArizaTiON PHENOMENA

When current is withdrawn from a battery (discharge), or is forced
into a battery in the reverse direction (recharge), the voltage across the
terminals of the battery shifts from the reversible potential. . This
departure from the reversible potential is known as overpotential, 4,
and has three major contributory sources, referred to as polarization
phenomena. The relative contribution of these three polarization
phenomena varies with the system and conditions of use.

Ohmic Overpotential, n..—Ohmic losses are the aggregate voltage drops
within the battery due to the flow of current through resistances in the
leads, electrolyte, electrodes, and resistive films which may have formed
on reactive surfaces. Ohmic losses are linear with current:

n.=1R

where I is current and R is resistance.

Activation Overpotential, y,—Activation overpotential is a complex
phenomenon associated with the transfer of an ion across an adsorbed
barrier layer at the electrode surface, sorption, discharge of the ion,
desorption, and/or evolution of gases from the surface. Evaluation of
activation overpotentials requires a precise knowledge of the nature and
kinetics of the rate-controlling step of the reaction. Activation over-
potentials are of major significance in reactions involving gas evolution
or consumption at electrode surfaces and may also be significant for other
reaction species. At high overpotentials, the activation overpotential
usually follows an equation of the Tafel form:

n=A+Bln:

where A and B are constants, and 7 is current density. At low over-
potentials (<50 millivolts), 5, is usually linear with current density
(refs. 1, 2).

Concentration Overpotential, n.—Concentration overpotential involves
a voltage shift which is a function of the variation in concentration of
electroactive species in the vicinity of the electrode-electrolyte solution
interface. Conduction in the bulk of the electrolyte solution is a function
of both the diffusion characteristics of the ionic species involved and the
* properties of the solvent. After current has passed through the cell for
a period of time, a layer of electrolyte solution near the electrode surface
becomes depleted in the ionic species which reacts at the electrode,
thereby establishing a concentration gradient between the electrolyte
solution at the surface of the electrode and the bulk of the electrolyte
solution. The concentration (or activity) of the reaction species at the
electrode surface is no longer that of the bulk electrolyte and the poten-
tial of the electrode shifts. This shift is usually called the concentration
overpotential.

All three polarization phenomena result in a shift in voltage from the
zero~-current value in a direction which impedes the flow of current.
On discharge, the cell voltage falls below E__,. When the cell is opposed
by a potential equal to E,_,, no current will flow.

Tev)
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Polarization data on battery cells are commonly reported as a polar-
ization curve, or plot of current versus voltage. Data are normally
taken after both activation and concentration polarization have set in:
The slope of the polarization curve, although expressible in ohms, does
not represent the true value of the impedance of a battery cell. Im-
pedance measurement is discussed elsewhere.

CarcuratioNn oF CeLL PoreEntiaLs From Free Enercy DaTta

For any electrochemical system, the reversible potential is caleulated
from the equation:
AG° = —zFE° (2-3)
where
F Faraday’s constant =96 500 A-see/g equivalent
z the number of electrons transferred in the reaction
AGP the molar Gibbs free-energy change at standard conditions for
the reaction
E° the standard electrode potential.

Standard conditions are defined as 25° C and unit activity of all reactants
and products in their normal states. A pure solid at 25° C is in the stand-
ard state.

Where conditions are not standard, AG#AG°, but the equation

AG=—2zFE,
still applies.

For systems in which the reactants and the products are solids? and are
slightly soluble in the electrolyte, the free-energy change at any temper-
ature, AG, may be calculated from the entropy data:

AQ=AG° 4+ (T—T°)(AS) (2-4)
where T° is 298.6° K, the standard condition.

This new value of AG may be used for the calculation of cell potentials at
temperature T, provided that a change in temperature has not altered
the state of the reactants or products.

When the electrolyte solution is consumed in the reaction, or the
reactants or reaction products are dissolved in the solvent, AG is a
function of the activities of the electroactive species involved. Activities
are nonlinear functions of concentration, and are experimentally deter-
mined for the high concentrations of solute normally used in electro-
chemical cells. The equations for calculating activities in more dilute
solutions (ref. 3) are not useful in working cells using more coneentrated
solutions. For a reaction

mM +nN—jJ +kK

in which the reactants M and N and the products J and K are not at
unit activity,

AG1,=AG° —RT In (an)" (an)"/(as)" (ax)" (2-5)

TAll solids are considered to be at unit activity.
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where
(ap)¢ the activity of material I raised to the ith power
1 number of mols of material I participating in the reaction.

Activities of ions in solution as a function of concentration are available
in the literature referenced. ’

In the event that ionic species or solvents are consumed or produced
in the reaction (as in the lead-acid cell, Pb-+Pb0,+2H,80,=2PbS0,
+2H,0), the concentrations and activities of ions in solution vary with
the state of charge, resulting in a change in both AG and E_,,.

When gases are produced or consumed at the electrodes, the resulting
free energy is a function of fugacity, which is a nonlinear function of
pressure. At atmospheric pressure or below, fugacity is approximately
equal to the ambient pressure; thus pressure may be substituted for
activity in equation (2-5), and reasonable accuracy will still result.

Carcuration oFr Hear Evorurion From Garvanic CeLLs

The rate of heat evolution at the electrodes can be estimated if the
reversible potential of the cell and the entropy of reaction are known.
Using the sign convention that energy added to the electrochemical
system is positive, that withdrawn from the system is negative, the
enthalpy change, AH, resulting from the addition of both heat and
electrical work to the system, is

AH=Q+W, (2-6)

The maximum electrical work which can be removed from the system

(W,mu) as a result of the reaction of 1-g equivalent weight of reactants
is given by

- W,mx= AG= —FE, e 2-7)

If the reaction is performed reversibly and at constant pressure? in an
electrochemical cell, the heat absorbed, Q,.,, is

Qrev=AH —-W,mx= AH—AG=TAS (2-8)
If the reaction is performed irreversibly at a potential E#E__,, then the
heat absorbed is given by equation (2-6). However,
W,mx= S E oI dt (2-9)
and
W.=SEI di== W,mu (2-10)
Adding (W,mx—W,max) to the right side of equation (2-6):
Q=aH+(W, ~W.)-W, (2-11)
=AH+ ([ E.e I di— S EI dt)—AG (2-12)
=AH+ f(Eiw—E) I di—AH-+TAS (2-13)

?Except where gases are directly involved, the effects of change in pressure tend
to be small.
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For consistency with the original sign convention, the sign of current
direction used is 4 for charge (energy added to system), — for discharge.
The total heat absorbed in the reaction of 1-g equivalent of reactants in

a battery is, therefore
Q= SAEI dt+TAS

Nore.—For consistency, AS is in J/g-equiv °K, I in amperes, df in seconds,
AE in volts=(E,,,—E), T in °K.
Differentiating with respect to time,

%?=Q=IAE+AL: St 4§ (2-14)

Consequently, when the temperature changes slowly
dl ~

“a‘?—
=1ap+T %

A change in S caused by the reaction of N equivalents of reactants takes
place as a result of the flow of NF A-sec of electrical change, spread
across a time period, Af. Since the change in entropy is proportional to
the quantity of materials changed

ds AS dS
(E) (At) =KI and =KIT (2-15)

where K is a proportionality constant equal to AS/ F.
(AS in J/g-equiv °K)
The final equation becomes
9= (Brev—E)I+KIT (2-16)
where
watts of heat
volts
amperes
4,186 AS/F
°K
AS  cal/ g—equiv °K (or entropy units)
4.186 conversion factor, calories to joules.

NN~ Ee

Equatlon (2-16) expresses the rate of heat evolution or absorption result-
ing from any electrochemical process as a function of the voltage at the
terminals of the reaction cell, and the current through the cell. If
several reactions occur simultaneously, each must be treated separately,
and their effects added. For this, the division of current between the
two parallel reactions must be known.

The derivation of equation (2-16) assumes constant temperature.
Consequently, deviations may be expected from predicted behavior
during periods of rapid temperature change. In addition, after transition
between charge and discharge or after step changes in current, the heat
evolved at the electrodes cannot be measured at the cell exterior until
time has been allowed to establish a new steady-state thermal gradient
in the cell consistent with the changed conditions.
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Thermodynamic data are reported in the literature as free energies and
enthalpies of formation and entropies for individual compounds at
standard conditions. The thermodynamic quantities for the reactions
are derived from the quantities of formation by algebraic addition.

Thus, for a reaction
24+B—C+2D

reaction entropy at standard conditions (25° C)
AS? =280+ Sty —28— 8w (2-17)

The methods of handling thermodynamic caleulations will be found in
any classical thermodynamies text (ref. 4). The method of estimation of
thermodynamic quantities and the values of these quantities for many
aqueous systems are given in references 5 and 6.

BarTERY IMPEDANCE

The large capacitance of the interface between the surface of an
electrode and the electrolyte in a cell has led to considering the battery
cell in electronic circuit design as a large capacitor in series with small
resistances and inductive reactances. Other approximations of battery
equivalent circuits in the form of resistor-capacitor networks have been
used (ref. 7). Battery impedances have been measured, and data are
reported in the appropriate sections.

Electrode behavior is more complex than the resistor-inductor-capac-
itor equivalent circuit. The changing character of the adsorbed layers
of electrolyte with changing overpotential causes the capacitance of the
electrodes to vary greatly with the potential across the electrode-elec-
trolyte interface. Thus, capacitive reactances measured with ac signals
vary with a change in de current through the cell, since the dc causes an
overpotential to appear.

In addition, with de flowing, concentration overpotentials appear, and
the rate of voltage change with time during establishment of concentration
overpotential is not at all like an exponential capacitive decay. As a
result, measured impedance values are valid only for the conditions of
measurement. Such data should be used with caution in circuit designs
in which battery dynamic impedance significantly affects circuit
performance.

Similarly, equivalent circuits for batteries can simulate battery
dynamic impedance only under limited circumstances. In general,
response of batteries to high frequencies can be simulated by a resistor-
capacitor-inductor network such as the one in figure 2-2 (ref. 7). Values
will vary with the size and type of battery.

GENERAL STRUCTURE
CELL STRUCTURE
The construction of all practieal cells is generally the same, consisting
of a negative and a positive electrode, an ionically conductive electrolyte,
and usually a separator, which prevents contact between negative and
positive active materials and acts as a carrier and immobilizer for the
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Ficure 2-2.—Battery equivalent
cireuit (ref. 7).

R. =Electrolyte resistance C.=Faradaic capacitance
m =Metal conductor resistance L =Inductance
R. =Shunt resistance

electrolyte. All these elements are enclosed in a case. If the case is
metallic, the negative and positive terminals must be insulated from one
another. Most working cells are built in one of five different basic
structures, although considerable variation in details of construction will
be found from system to system and from manufacturer to manufacturer.

The prismatie cell is the most common of the larger sizes. It consists
of alternately interleaved, flat negative and positive electrodes, set apart
by one or more layers of separators in the form of flat sheets (typical
automotive battery), bags (silver-zine and silver-cadmium), or windings.
Figure 2-3 depicts the typical wound-separator prismatic nickel-cadmium
cell. ,

The principal advantage of the prismatic structure is its amenability
to the design of electrodes of complex structure. Active materials may
be enclosed in pockets, tubes, or in materials with a fine pore structure.
Close electrode spacing is practieal and close control of electrode spacing
reasonably convenient.

The spirally wound eylindrical structure is generally used only when
the exterior e¢ylindrical shape is desirable, but the nature of the chemical
system is such that flat, thin electrodes are required. A sandwich is
made of a negative electrode, a separator, and a positive electrode, rolled
up and pressed into a cylindrical container. Usually, the negative
electrode is allowed to contact the metal case, and the positive electrode
is connected to the insulated terminal. Figure 2-4 shows a typical,
spirally wound, cylindrical cell.

The button cell consists of a single flat negative and a similar positive
electrode each in contact with one end of a metallic case. The case has
a low length-to-diameter ratio, and may be cylindrical or rectangular with
rounded corners. :

Negative and positive electrodes may be held in their respective
sections of the case by firmly pressing them in place, or by the elasticity
of the separator material. The top and bottom of the case are sealed by
an insulating gasket. The principal advantages of the button cell are a
simple, low-cost structure and the convenience of assembling high-
voltage batteries by stacking the cells end to end. Button cells are
usually of a lower capacity than other types. Figure 2-5 shows a typical
button-cell structure.
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/

F1GURE 2-3.—Prismatic nickel-cadmium cell.

Parts List
Item No. i Item No.
no. |Description |req’d|| no. |Description jreq’d
1 |Post.__..... 2 10 |Vent washer| 1
2 |Postnut, top| 2 11 |Ventnut___.| 1
3 |Connector 12 |Nutseal....| 1
washer__.| 2 13 {Gland..____ 2
4 {Connector__{._._.._ 14 |Postring...|] 4
5 |Post nut, 15 Plate tab.__|_.....
bottom.__| 2 16 |Plate,
6 j(Jarcover...j 1 positive __|___...
7 {Jar._._..... 1 17 |Plate,
8 |Ventplug...| 1 negative__|____..
9 |Ventring... 1 18 |Separator.__j.._...

In the concentric cylindrical cell, the active materials are arranged in
two concentric cylinders with a separator between them. The outer
electrode may be either negative or positive. The inner electrode is
breught into contact with the cell top, which is insulated from the case
by an insulating washer or gasket. Figure 2-6 shows a typical concentric
cylindrical cell structure.

The bipolar electrode cell incorporates the negative electrode of one
cell and the positive electrode of the adjoining cell in a single structural
element. A battery or “pile” is formed by stacking these elements with
interleaved layers of electrolyte (fig. 2-7). The structure is simple in
concept, but practical problems are encountered in preventing an elec-
trolyte leakage path between the faces of the bipolar electrode.
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Ficure 2-4.—Spiral-wound electrodes.

PRESSED POWDER

INSULATING ZINC PELLET

GASKET

/SEPARATORS AND
KOH CONTAINED IN
INNER ABSORBENT MATERIAL
STEEL
CASE

OQUTER
STEEL
CASE MERCURIC OXIDE
SAFETY CATHODE
ABSORBENT
SLEEVE

Ficure 2-5.—Flat pellet or “button’ structure ‘‘Mal-
lory" alkaline mercuric oxide-zine cell.

17



18 BATTERIES FOR SPACE POWER SYSTEMS
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F1cure 2-6.—Cross-sectional . view of an
‘“BEveready” Leclanche concentric cylin-
drical cell.
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Fieure 2-7.—Bipolar electrode pile battery.
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The advantage of the bipolar electrode pile battery is the extremely
low resistance and inductance of the internal metal conductors, enabling
the construction of batteries capable of delivering pulses of high current
for short periods. - '

BATTERY STRUCTURE

There are many varieties of battery structure possible; frequently,
unconventional methods of battery assembly are used to satisfy special
needs. Some of the more common battery structures, however, are as
follows. '

Prismatic cells are usually assembled in a covered box and connected
by cross strapping. Connections are made to exposed cell terminals,
if available, or via a connector if the battery case is totally enclosed
(fig. 2-8).

STACKED
PRISMATIC
CELLS

Froure 2-8.—Typical prismatic battery structure.
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Cylindrical cells may be stacked in rows, or hexagon-close-packed for
greater utilization of volume. Normally, the cells are oriented in polarity
to minimize the length of interconnecting wires. The volumetric
efficiency of packaging cylindrical cells into a rectangular space is never
as great as that of prismatic cells. However, certain configurations of
hexagon close packing can be more efficient than prismatic cells when
packed into a cylindrical battery case (fig. 2-9). Cylindrical structures
may offer advantages in applications where convection cooling can be
used.

BATTERY CASE

§ PIGTAL

Ficure 2-9.—Hexagon-close-
packed cylindrical battery.

Button cells may be pressure stacked or series connected by welding
the positive terminal of each cell to the negative terminal of the succeed-
ing cell, forming a long cylindrical stack of high voltage. These stacks
may then be combined into a higher voltage package by assembling
them into rows or by hexagon close packing. The use of portable high-
voltage batteries has decreased as a result of the invention of lower
voltage transistorized equipment. Figure 2-10 shows a typical welded
assembly stack of button cells.

The cell tray assembly (fig. 2-11) has the quality of maintaining a
rigid structure independent of the structural strength of the cell cases,
but it is limited to applications in which neither size nor weight are
important. Circuit boards have been used to make the intercell con-
nections.
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SPOT-WELDED TAB

BUTTON CELL

SPOT WELD

INSULATING WASHER

SPOT WELD

SPOT WELD

Ficure 2-10.—Stacked button cells, welded structure.

SOCKETS FOR CELLS

INTERCONNECT

Figure 2-11.—Cell-tray battery structure.

BATTERY-CELL OPERATION

CELL DiscHARGE CHARACTERISTICS

Figure 2-12 shows a typical battery-cell discharge curve at constant
current.

The initial period A during which the cell voltage decays below the
starting voltage may have a combination of causes. Activation or
concentration polarization may be developing, econcentrations of reaction
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VOLTAGE
>
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TIME

Ficure 2-12.—Battery discharge curve
at consfant current.

products may be changing (causing a shift in the reversible potential), or
resistive films or layers may be forming. Occasionally, at high currents,
these phenomena occur so rapidly that they are not observed.

‘When all polarization phenomena have reached a steady state, period B,
the discharge plateau, begins. If the chemical reaction is a simple one
in which the free energy change per equivalent remains constant and if
continued discharge does not increase the resistivity of the electrodes or
the electrolyte, this level is relatively flat. If changes oceur in the revers-
ible potential or in the resistivity of one of the cell components, this
region slopes downward and may curve.

Region C is reached when the cell is almost exhausted. If the knee
is well defined and sharp, the decrease in voltage results from a decrease
in the quantity of reactants in the solution or on the surface of the elec-
trode as these reactants are changed to the discharged state. This
decrease in quantity of reactants causes an increase in current density
(current per unit area) at the remaining surface of the charged-state
materials and an increase in both concentration and activation over-
potentials. If the knee is not well defined, voltage losses are partly
caused by the increase of ohmic resistance in the cell.

Although this is the typical behavior of cell discharge, different types
of cells deviate in varying degrees. These variations will be discussed
in the appropriate sections.

CELL-CHARGING CHARACTERISTICS

A typical battery-charging curve at constant current is shown in
figure 2-13. ,

Region A shows the establishment of polarization, region B the plateau
voltage, and region C the exhaustion zone. The causes of the observed
phenomena are similar to those of the discharge curve.

OVERCHARGE

If charging current is forced through a fully charged cell, the voltage
rises beyond the reversible potential of a new chemical reaction, and stays
at this new level of overcharge voltage, E .. '
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VOLTAGE

TIME

Fieure 2-13.—Typical cell-charging curves
at constant current.

In cells having an aqueous electrolyte, this overcharge reaction is
usually the electrolysis of water,

2H,0=2H,+0,

producing hydrogen and oxygen gas. In vented cells, the gases are
released and the consumed water is periodically replenished in normal
battery maintenance. In sealed cells where the gases are trapped, the
cell case ruptures as a result of continued overcharge if no means are
provided for coping with the evolved gases and the eventual buildup of
pressure. Extended overcharge in the absence of overpressure tends to
deteriorate cell electrodes and separators.

TEMPERATURE EFFECTS ON CELL CHARGE-DISCHARGE
CHARACTERISTICS
Reversible potential:
dBrev _ AS
dT =~ zF

Therefore, E.,, decreases with a rise in temperature when AS is nega-
tive and increases when AS is positive.

Polarization Phenomena.—Elevated temperatures increase the elec-
trolyte conductivity and diffusion rate and decrease activation over-
potentials. This results in an overall decrease in both activation and
concentration overpotentials as the temperature rises. Thus, at low
temperatures charging voltages increase and discharge voltages decrease,
leading to an overall loss in cell reversibility.

EFrFiciENCY
Several definitions of efficiency have been used:

Thermodynamic effictency:
S Era
T=42186 N AH .

N =number of mols reacted

(2-18)
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Electrical work efficiency:
L Eldt

TW=4.186 N AG

This expresses the ratio of electrical work obtained to the maximum
theoretically obtainable electrical work. The above relationships are
valid for all batteries, but are most frequently used in evaluating primary
battery efficiency.

Storage battery efficiencies are also expressed as ampere-hour and
watt-hour efficiencies for convenience in power system design. For any
battery-operating eycle which charges a battery from i, to f,, then dis-
charges from ¢, to t,, finally returning at ¢, to the state of charge which
existed at f;:

Watt-hour efficiency, yy.,, is expressed by

(2-19)

N
Twh="lt (2-20)

ft‘ EI dt

- or the fraction of energy obtainable from the battery per unit of energy
used in charging it.
Ampere-hour efficiency, g,.y, is expressed by

“' Idt
NA-h= : (2_21)
,h Idt

na.n 1S significant because it is always unity when the charge-discharge
reaction is the only chemical reaction involved. Deviations from unity
indicate that nonuseful reactions occur at some time during the charge-
discharge process.

BATTERY-OPERATING CONTROLS

CuARGE CoNTROL REQUIREMENTS

Any battery charge control must perform the following functions:

(1) Deliver direct current to the battery at a potential equal to or
greater than the sum of the reversible potential and the charging over-
potential.

(2) Detect a change in the operating characteristics of the battery,
signaling the exhaustion of reactive materials in the discharged state,
and terminating the charge. In some batteries, the stored energy must
be maintained at peak by using a continuous low-level overcharge current
(trickle charge).
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(8) Control the current delivery to the battery at a level which
prevents overheating and/or excessive evolution of gases from the
electrodes.

MetHODS FOR DETECTING CHARGE COMPLETION

Present methods for detecting charge completion depend upon the
detection of phenomena attendant upon the completion of charge or
upon the onset of overcharge.

Battery Terminal Voltage—One of the most popular sensor methods
is detection of the voltage rise at the end of charge (zone D of fig. 2-13).
There are three ways of using this method.

First, if the charging voltage is clamped at a constant level, the cur-
rent will fall exponentially to a much lower steady level. This is the
taper charge used almost universally in automotive applications. A
typical charging curve is shown in figure 2-14, (A) current and (B)
voltage.

VOLTAGE LIMIT
8 /

VOLTAGE

STEADY-STATE
OVERCHARGE

TIME

Figure 2-14.—Modified constant potential
charging (A) current, (B) voltage.

A second, and less common, charge control uses the voltage to terminate
charge or to switch to a lower charging current by lowering the applied
voltage (fig. 2-15).

_/CON TROL LIMIT

?—_7 /LOWERED VOLTAGE LIMIT
8

CURRENT LIMIT

VOLTAGE

STEADY-STATE OVERCHARGE

TIME

Ficure 2-15.—Constant current charging with
voltage-initiated switchdown.
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A third variation of the same method is a stepwise switchdown of the
charging current through several preset levels, each step initiated by
a sensing of voltage. It is also possible to sense the rapid change in
current occurring when the battery voltage reaches the source voltage
limit.

Sensing the Presence of Gases.—Overcharge-generated hydrogen and/or
oxygen has been used to initiate the termination of charge or the redue-
tion of the charging current. (Gas pressure inside a sealed battery cell
has been detected by a pressure switch (ref. 8) and measured by auxiliary
clectrodes having a potential relative to one of the cell electrodes, which
varies as a function of gas pressure. Charging is terminated when the
auxiliary electrode potential has reached a predetermined level. This is
discussed in more detail under the section on auxiliary electrodes. Micro
fuel cells may also be used as pressure detectors. (See ch. 6.)

Temperature Sensing.—Temperature has been used as a charge control
in those batteries in which heat dissipation rates change significantly at
the end of charge (refs. 7, 9). The method is rarely used (except to
prevent excessive overheating) because of the possibility of eonfusing
temperature changes caused by changing environmental conditions with
those caused by internal heating,

Temperature sensors can also be used to compensate other charge
controls for variation in cell or battery characteristics as a function of
temperature.

Sensing the Current-Time Integral—If the battery capacity is pre-
dictable or known, an ampere-hour meter can keep a running account of
the current into and out of the battery, terminating the charge or reduc-
ing-to-trickle charge when the ampere-hour meter indicates that the
battery is full. Two types of ampere-hour meters are described: the
electronic ampere-hour meter and the coulometer, or electrochemical
ampere-hour meter.

The success of the method depends upon how accurately the current
integrator represents battery performance.

Slow Charge.—Charging the battery at a current no greater than that
which it is able to tolerate for an indefinite period avoids the use of all
controls. The success of the method depends upon the battery’s toler-
ance of extended overcharge and the available slow-charge time.

A combination of the charging methods described above may be used.
In many cases, only such combinations are effective. The relative merits
of the charge controls vary with the battery and the application.

TuE DivErRcENCE PROBLEM

As long as all cells in a series-connected battery are matched, i.e.,
full discharge and full charge are reached at the same moment, a single
function or combination of functions may be used to control the battery.
If, as is usual, the several cells have different capacities due either to
product variations or to use and aging effects, an additional problem is
introduced.
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If one cell reaches full charge or full discharge first and is not detected
by the charge control sensors, the low-capacity cell is subjected to over-
charge or overdischarge, and gas evolves. The charge control methods
which measure variables such as battery voltage and temperature can
easily miss the small change which accompanies acquisition of full charge
by one cell, since the effect is masked by the lower voltages of the re-
maining cells. As the total number of series-connected cells increases,
the problem enlarges as a result of the increasing probability of having one
cell of divergent capacity and the decreasing sensitivity of detection:

CELL-LEVEL CHARGE AND DISCHARGE SENSORS AND CONTROLS

In an’ effort to solve the divergence problem, various methods of
controlling and/or sensing individual cells have been tried.

Some control methods are a natural result of the sensor design.
Pressure controls, either pressure switech or auxiliary electrode, are
basically cell sensors and measure the internal pressure of individual
cells. Other controls, such as voltage sensors, can be designed to measure
individual cell characteristics. Sensing at the cell level increases sen-
sitivity to the anomalous behavior of one cell, and makes it possible to -
terminate the battery charge on a signal from the first cell to reach a
critical state of voltage, pressure, etc. The large number of sensors
used tends to decrease system reliability, since a false full-charge signal
caused by failure of any one of the sensors can effectively prevent charging
of the battery. This may be overcome by voting the sensor outputs, and
effecting a compromise between sensitivity and reliability. In this
modification, two or more cell sensors must give a full charge signal before
battery charging is terminated. At the cell level, controls have been
applied in addition to sensing.

STABISTORS

The stabistor consists of two series-connected silicon-diode junctions.
Its characteristic forward voltage drop is used to limit the voltage applied
to the cell. As cell voltage increases, more of the charging current is
diverted to the diode, resulting in a crude form of limited voltage
charging. The knee of the stabistor curve is relatively “soft,” leading
to a wider range of voltage than desirable (ref. 10).

The Amp-Gate® diode is a stabistor mounted on a heat sink, with the
diode driven almost into thermal runaway. The negative voltage-
temperature coefficient of a silicon diode is used to shift the characteristic
diode curve to the left, sharpening the knee of the curve (fig. 2-16).

As a result of the “‘soft” character of the diode knee, current is bypassed
from the start of charge; therefore, the stabistor and Amp-Gate diode
waste power. Figure 2-17 is an approximation of the energy lost from
premature conduction of the stabistor. The amount of energy lost is
significant if the system is energy limited, as are most space-power
systems.

3Trademark. P. R. Mallory & Co.
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FicUure 2-16.—Stabistor and Amp-Gate diode
characteristic curves.

1 1 T T T T ¥ 1 L]
1.f—5.1 AMP gHG——-—l—~5.1 AMP DISCHG —o-|
1.5 VOLTAGE {100
w ®
Q1.4 480 2
g ¢ H
2 1.3r VOLTAGE 460 ™
b~ [}
3 S
S .21 d40 B
z “Z
= STABISTOR
1 CHARGE STABISTOR 120
CURRENT DISCHARGE
CURRENT
1.0 4,
1. 1

TIME

Ficure 2-17.—Stabistor characteristic curve showing
bypass conduction throughout charge, and losses during
discharge.

The stabistor and Amp-Gate diode do provide a significant protection
against overcharge. '

TEMPERATURE EFFECTS

The relationship of temperature to charge control is variable from
cell system to cell system and is discussed in the appropriate sections.

AUXILIARY ELECTRODES

By use of appropriate catalysts, auxiliary electrodes can be made
which permit recombination of either hydrogen or oxygen. These elec-
trodes may also be used as detectors for the presence of these gases.

Two types of auxiliary electrodes have been described for use as
charge control sensors in alkaline batteries, particularly nickel-cadmium
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cells: a fuel-cell oxygen electrode developed by the General Electric
Co. and an adsorption electrode developed by Gulton Industries, called
the Adhydrode. These electrodes, both designed for detection and
recombination of oxygen, have markedly different properties.

The fuel-cell electrode (refs. 11, 12, and 13) is a proprietary product
containing a platinum catalyst which promotes the oxygen recombination
reaction.

0,+2H,0—4e—4(0H)™

The cell’s nickel electrode provides the electrons and water necessary
to continue the reaction, and consumes the OH ™ ions generated. The
voltage response of the fuel-cell electrode to oxygen pressure is nonlinear,
reachmg full voltage at 60-mm oXygen pressure, after which the voltage
is unaffected by further increases in pressure. Its oxygen recombination
rate is equivalent to more than 50 mA /cm? without significant polariza-
tion losses (ref. 12). In addition to oxygen, hydrogen may also be
recombined at the fuel-cell electrode at equivalent rates in excess of
100 mA/ecm? with negligible polarization (ref. 11), allowing overdis-
charge of the cell and consequent generation of H, without overpressure.

The use of two fuel-cell electrodes in each cell has been proposed for
charge control of nickel-cadmium cells (ref. 11). A large area electrode,
directly connected to the cadmium electrode, is used for oxygen recom-
bination, and 2 small area electrode, connected to the same terminal
through a current sensor, is used for control. The large recombination
electrode prevents saturation of the control electrode until a predeter-
mined gas evolution rate has been reached. This prohibits premature
termination of the charge due to early initiation of oxygen evolution from
the nickel electrode, which has been observed at elevated temperatures
(ref. 11). Circuits have been designed with magnetic amplifiers and/or
current relay sensors, which terminate charge or reduce charging current
to a trickle level when a full-charge signal is given by the electrode of
any cell in the battery (refs. 7, 14, 15, and 16). This can be changed by
the appropriate adjustment of threshold levels to a voting system,
requiring more than one cell to give a full-charge signal.

The rate of heat evolution caused by the overcharge reaction, whether
the recombination occurs at an auxiliary electrode or at the cell anode,
is equal to the total overcharge power delivered to the cell. Where a
load resistor is used in the control electrode external circuit, a small
portion of the power is dissipated in the resistor. However, for practical
purposes, when a battery is continuously overcharged, all of the energy
delivered to it is converted to heat, which is mostly dissipated in the
battery.

Repeated cycling of the fuel-cell electrode results in a loss in oxygen
pressure sensitivity, and in an apparent false indication of internal oxygen
ascribed to saturation of the electrode with oxygen (ref. 15).

Effects of temperature upon fuel-cell electrode characteristics have not
been reported, but are essential for integrated system design in environ-
ments having limited heat-removal capabilities.
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In the second type of oxygen-sensing electrode for alkaline batteries,
hydrogen is generated at the auxiliary electrode and held interstitially and
by surface adsorption.

H,0+e=0H +H,,,

The oxygen then reacts at the electrode surface.
4H ,,+0,=2H,0

The electrons are supplied by the cell anode. When connected to a cad-
mium electrode, the Adhydrode has a potential 0.8 volt negative with
respect to the normal hydrogen electrode. The Adhydrode current
shows a linear response to pressure of oxygen in the range from —10
to 430 psig. The slope of the current-pressure line changes with
temperature from 0.1 mA/psi at 0° C to 2.5 mA/psi at 40° and 55° C
(ref. 17).

Because of this large variation, the Adhydrode oxygen-pressure sensor
requires compensation of the pressure-current relationship for temper-
ature (ref. 17).

The operation of both types of electrodes for recombining oxygen and
of similar electrodes for recombining hydrogen depends upon the potential
of the electrodes with respect to that of the electrolyte. In some cases,
the recombination electrodes may be connected to the appropriate cell
terminal through a current sensor or load resistor. However, where
the positive terminal is greater than +0.8 volt relative to the hydrogen-
recombination auxiliary electrode, or the negative terminal is greater than
—0.8 volt relative to the oxygen-recombination auxiliary electrode,
recombination may be inhibited and gas evolution may occur at the
auxiliary electrode. In this case, the auxiliary electrode may be clamped
at the appropriate potential by use of a resistor-diode network. This
recombination technique was used successfully in the development of a
sealed lead-acid cell (fig. 2-18) using wetproofed electrodes to prevent
flooding. The current through the resistor is small and limited to that
required to forward-bias the silicon diode.

Another device for gas detection and recombination is the miniature
fuel cell. Two fuel cells are used, one for oxygen recombination with an
external hydrogen feed connected, and the other for hydrogen recombina-
tion with an external oxygen feed connected (ref. 18). When this device
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Figure 2-18.—Diode clamping of auxiliary electrode
potential.
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is used in its present form (in a closed system), the water produced causes
flooding unless a special reservoir is used. In addition, the operation of
the fuel cell is degraded by the presence of a mixture of gases rather than
one pure gas. The method does have the advantage of not utilizing the
electrolyte of the galvanic cell as the fuel-cell electrolyte, and therefore
is instantly adaptable as an add-on charge control, or gas recombiner.

BATTERY-FAILURE MODES

Individual battery systems are subject to individual types of failures.
However, a number of failure modes are common to all batteries designed
to deliver large amounts of electrical energy (as distinguished from voltage
reference cells and other low-current cells).

Separator deterioration is common to most types of batteries. The
positive electrodes of a battery contain a powerful oxidant. In the
presence of an electrolyte, this chemical reacts with the separator at a rate
which increases rapidly with temperature. In an attempt to reduce the
rate of deterioration in long-life batteries, plastics or other “inert”
materials are used as separators.

Loss of capacity due to crystal growth is present in many types of
batteries. Originally, the electrodes of many types of batteries are
composed of finely divided reactive materials. If a crystalline substance
is immersed in a self-saturated solution, an equilibrium condition is
reached in which the rate of solution equals the rate of deposition from
solution; therefore, the net solution rate equals zero. However, there
is a tendency to dissolve the finely divided particles having a higher
surface-energy content and to redeposit this material on the surfaces of
the larger particles. In effect, this causes the larger particles to grow
at the expense of the smaller particles, the net result being a considerable
loss in true surface area. This erystal growth is greatly accelerated by
thermal cycling or low-rate charge-discharge cycles. A severe increase in
polarization occurs as a result of the increase in current density, making
the cell useless.

Loss of active material from the electrodes can occur as a result of
one or more of the following mechanisms:

(1) Mechanical separation due to vibration, electrostatic stresses,
differential expansion of electrodes and active material.

(2) Erosion of active materials. In the charge-discharge cycling
of some secondary batteries, there is a considerable transport of liquids
between electrodes. This fluid flow is due to generation and eonsumption
of water at the electrodes and can erode the active materials.

(3) Solution and redeposition of active materials can occur.
Although the net amount of active material in the solution may not
change, some active material may be dissolved and redeposited in a place
out of contact with the electrodes. This relocated material is lost to the
cell, unless it can be redissolved and redeposited on the electrode.

Perforation of the separator by dendritic growth of metallic materials
can short-circuit the cell. Dendritic growth results from the charging
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process and occurs when the active material is electrodeposited pref-
erentially on specific crystal surfaces. The result is a growth of long,
slender needles through the separator.

Mechanical damage resulting from mishandling, severe environmental
condition or generation of internal pressure can result in cell failure.

Carbonation.—Vented or leaking alkaline batteries are subject to
carbonation of the electrolyte. The strong caustic absorbs carbon dioxide
from the air and produces potassium carbonate. This process decreases
the electrolyte conductivity.

2KOH+C0,—K,CO,+H,0

Leaking batteries can be completely discharged by major leaks if
the electrolyte forms a continuous conductive path between the terminals
of two or more series-connected cells. If the resistance of the leakage
path is low enough, the battery may be completely destroyed as a result
of internal heat generation occurring during the discharge process.
Less severe leaks tend to increase battery resistance and decrease capacity.

Data on battery failures are found in the applicable sections of chapters
dealing with the various types of batteries.

Speciar Test METHODS

The NASA-sponsored battery literature contains little in the way of
detailed analytical test procedures and special test methods. These will
be found for the most part in the literature on analytical chemistry and
instrumental analysis. Many of the common analytical and instrumental
techniques are of great value in battery analysis and failure mode deter-
mination.

Photomicrography is a valuable technique. Dry photomicrography
utilizes the common methods of metallographic specimen preparation, and
is used to examine seals, electrodes, separators, welds, and most of the
solid parts of the battery. Wet photomicrography may be used to study
electrode operation. Portions of electrodes are enclosed in a transparent
container during the examination process.

Gas-analysis techniques are used for determination of the quantity
and composition of the gases generated during wet stand and /or operation
of the cell. This may give significant clues to the reaction mechanisms
and fajlure modes. Inert-gas detectors are frequently used for the
detection of leaks in cell seals. A small quantity of helium or argon is
enclosed in the cell and the gas is detected by mass spectrometry.

X-ray diffraction analysis may be performed on cell electrodes in
both the wet and dry state and is used to study the composition of elec-
trodes and the particle size of the active materials present. The capaci-
tance of the electrode double layer is found by measuring the voltage rate
of change resulting from the leading edge of a current pulse drawn from
an electrode, and calculating the capacitance of the final current divided
by the initial rate of change of voltage.

The double-layer capacitance method is used in forming an estimate
of the true, or microscopic, surface area of the electrode. Surface area
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is also measured by the nitrogen absorption technique (BET), at the
temperature of liquid nitrogen.

A series of screening methods for separators in alkaline batteries is
given in reference 35. This includes individual papers on determination
of dimensional stability, strength, electrclyte retention, pore size, elec-
trical resistivity, degradation by soluble silver, degradation by oxidants
and alkaline solutions, electrolyte diffusion, silver diffusion, zine diffusion,
and zinc penetration.

Galvanostatic methods, measuring the response of electrode voltage
t0 a step change in current, and triangular wave voltammetry, measuring
the current response of an electrode to a slowly changing applied voltage,
are both used in studying the reaction mechanisms and processes occur-
ring at the electrode surfaces.

BATTERY-TESTING METHODS

The determination of the battery-operating characteristics has always
been a highly variable art, dependent upon the extent and quality of the
information required. To determine the operating characteristics for
some secondary and most noneritical primary battery applications, it is
only necessary to connect the battery across some kind of load, preferably
the one for which it is intended, and see how long it lasts, As the need
for a higher system efficiency increases, the demand for amount and
quality of information also becomes greater. In some cases, extremely
accurate measurement of several battery properties and their variation
with service and environmental conditions is necessary.

The lack of data on batteries with very complex behavior makes it
difficult to predict electrical characteristics in new environments. In
some cases it is common to measure operating characteristics and service
life under simulated or actual conditions of service. In a few cases
(such as those where environmental test results would be obsolete because
of the test time required) it is possible to accelerate the testing program.
This, however, implies a knowledge of the mechanisms of the failure
processes.

TESTING ACCURACY
CoNTROL

Testing accuracy requirements are largely determined by the required
accuracy of the design data. These requirements should be consistent.
For example, if the battery voltage is influenced by several parameters,
there should be no compromise in the accuracy with which the relation-
ships between the various influencing factors and the cell voltage is
determined. To illustrate, the normalized eurrent-voltage curves of a
nickel-cadmium battery have a slope withan absolute value approximately
equal to 0.50/0.08. (See fig. 4-4.) Voltage measurements made
within an accuracy of 0.001 volt are not valid to this accuracy level
unless normalized current (current/cell capacity in ampere-hours) is
controlled to an accuracy of (0.001)(0.5)/(0.08)=0.0062. For instance,
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in a 6-A-h cell operating at a discharge current of 3 amperes, the discharge
current must be controlled to (0.5)(0.0062)=0.0031 ampere=0.10
percent. If lesser accuracies are required, the accuracy of control of
those variables which affect cell voltage may be reduced proportionately.
It is important, however, that the level of control be consistent with the
accuracy and precision desired of the final data.

The requirement for a specific degree of accuracy in battery testing
varies with the use to be made of the data. However, a fairly high
degree of accuracy is desirable in any form of battery test because the
polarization phenomena which must be measured in order to characterize
a battery occur within a range of a few hundred millivolts, but must be
measured (in a finished cell) in combination with the cell’s electromotive
force, which is usually over 1 volt. This degrades the accuracy with
which the characteristics of interest are observed.

Temperature control accuracy of nickel-cadmium cells will probably
be determined by the relationship between temperature, cell voltage, and
the overcharge current. During overcharge, cell voltage has a temper-
ature coefficient of from 1 to 2 mV/°C, which leads to a temperature
control requirement of 0.5 to 1.0° C for 1.0-millivolt accuracy. Clearly,
the achievement of this accuracy of temperature control at the interior
of a cell is impracticable, so if 1-millivolt accuracy is required in the
measurements, it must be achieved by careful measurement of temper-
atures and/or computation of the temperature at cell interior.

Control of applied voltage (where cells are tested under a constant
potential or modified constant potential conditions) should have a pre-
cision similar to the accuracy of measurement.

Setting accuracy is of equal importance to confrol aecuracy. Voltage
settings are made simply with a differential voltmeter or a precision
digital voltmeter. Current settings with accuracies of the order of
0.1 percent are somewhat more difficult to achieve, since even a precision
shunt is subject to significant errors when operated at high currents unless
special precautions are taken for removal of heat or for correction of the
measured shunt drop for shunt temperature.

STANDARDS

Continuously monitored secondary standards are highly desirable for
the detection and correction of instrument drift, and may be of consider-
able use in salvaging otherwise useless data resulting from instrument
error. Some practical secondary standards include:

Voltage. ..o .. Mercury cell in controlled temperature box. Tempera-
ture-compensated zener diode.

Current. ..o ... Precision power supply operating into a shunt with
special heat-sink arrangements.

Temperature. .. .___._.___. Thermocouple with both junctions at controlled tem-
perature.

MEASUREMENT

Voltage measurement accuracy is feasible to the 1-millivolt level and
below, if required. The measurement of the temperature of circulating
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liquids or gases is feasible to 0.1° C, and 1 order of magnitude better
than that is achievable by use of expanded-scale thermometers. How-
ever, it is much more difficult to measure accurately the temperature
of a cell immersed in a circulating fluid, whether liquid or gas, under
conditions of heat transfer between the surface and the fluid environ-
ment. If the temperaturé-sensing element is exposed to the fluid
environment, it will reach a temperature closer to the temperature of the
fluid than of the surface upon which it is mounted. In any case, it will
not indicate the interior temperature of the cell. In one method of
estimating internal temperature, the thermocouple junction is mounted
on the insulated cell terminal, and the entire cell top is enclosed in an
insulating material to isolate it from the controlling environment. This
technique depends upon conduction of heat along the internal electrode
leads of the cell and may result in an appreciable thermal lag because of
the poor conductivity and the heat capacity of the leads, terminals, and
other mechanical elements. An additional error due to loss of heat along
the external connection wires may be minimized by selection of low-
conductivity metals and use of a tortuous heat path. This should
represent an improved means of cell-temperature sensing without the
need for inserting thermocouples into the cell’s interior. Figure 2-19
shows a diagram of the measurement setup.

THIN VOLTAGE
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Figurre 2-19.—Method of measuring cell’s interior
temperatures.

Each battery system with its unique properties will be sensitive to
various environmental and service variables in its own way. In cases
where the sensitivity of the battery to these variables is not well under-
stood, it is essential to make certain preliminary measurements to
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determine such sensitivities and establish the required accuracy of
measurement before a program to measure the electrical characteristics
can start. Known sensitivities are discussed in the appropriate chapters.

DiscHARGE CHARACTERISTICS

Discharge characteristics are commonly measured under conditions of
constant current, constant resistance, and simulated actual load.
Although the constant resistance method is the simplest and least expen-
sive, it varies both the discharge current and voltage with time. This
disadvantage makes the interpretation of the data difficult, and the
interpolation of electrical property data almost impossible. Constant
current discharge holds all variables except voltage constant and makes
it possible to simplify the interpretation of electrical characteristic data
in terms of voltage as a function of time, with other variables such as
temperature, current, and service life as additional variables. A typical
constant current discharge cireuit is shown in figure 2-20. Simulated or
actual load operation is the final proof of design adequacy, but is usually
unsuitable for acquisition of parametric design information.

CONSTANT |
POWER SUPPLY

T

Figure 2-20.—Typical constant-current dis-
charge circuit. Norte.—Ballast resistor must
be sized so that, at the regulated current, the
voltage across the ballast resistor is always
greater than the sum of the maximum possi-
ble battery voltage and the minimum usable
output voltage of the constant current power

supply.

BALLAST RESISTOR

CHARGING CHARACTERISTICS

The charging characteristics of a battery are usually measured at
constant current, with the addition of a charge control for protection of
the battery against overcharging. The various influential parameters,
i.e., temperature, depth of discharge, and charge currents, are controlled
for accuracy, and are varied independently. Typical testing circuitry
for modified constant potential charging is shown in figure 2-21.

INTERACTION OF CHARGE AND DiscHARGE TEMPERATURES

Occasionally, a situation will be found in which the temperature of
the preceding half cycle influences the electrical characteristics of the
following half cyele. In this case, the temperature of the cell may be
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Fiaure 2-21.—Modified constant potential charger.

smoothly or suddenly varied between two levels as a function of time.
An experimental setup and control system is shown in figure 2-22.

PROGRAM
CONTROL

3

SOLENOID SOLENOID
VALVES VALVES

=t =3 I.;EF —
FGE - = — PUMP

TE!
RESERVOIR"

THERMO~
COUPLE
5 TEMPERATURE TEMPERATURE
! contRoLLED | FLUID LEVEUNG LINE | conmrotiep 8
FLUID FLUID
RESERVOIR RESERVOIR
T, A

Figure 2-22.—Testing system for variation of cell
temperature with time.

OVERCHARGE CHARACTERISTICS

Two methods have been used for determining the relationship between
overcharge current and voltage. The cell may be charged until it reaches
o limiting potential and held at constant potential thereafter until the
charging current falls to a constant value. Several values of potential
limit are used. Cells intolerant of extensive overcharge are usually
tested this way to prevent damage. A second method, for cells able to
tolerate high levels of overcharge, charges the cells at a constant current
and waits for the voltage to stabilize. Several values of overcharge
current are used. In either case, if the overcharge process generates
appreciable quantities of heat, and if the overcharge characteristics are
sensitive to temperature, control of the temperature and/or compensation
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of the data for the temperature are essential. Frequently, overcharge
data will take the form of a straight-line plot of log of current versus
voltage.

CaracITY

Capacity may be determined by integrating the current of the discharge
curve over the discharge time period. Usually, capacity is reported to
some arbitrary end voltage which represents the minimum acceptable
voltage that the system will tolerate.

ErrFIcIENCY

Efficiency may be determined in several ways. The battery may be
operated in a variable depth of discharge mode, starting with a discharged
cell, charging it to a fraction of its full capacity, and discharging it again.
The integral of discharge current over the discharge period, divided by the
integral of the charge current over the charge period, equals the ampere-
hour efficiency for that cycle. By varying the total charge-discharge
energy, several cycles of varying input ampere-hours are run. Efficiency
is then determined by plotting the input ampere-hours on the ordinate
versus the output ampere-hours on the abscissa and measuring the slope
of the resulting curve. A slope of 1.0 indicates 100 percent current
efficiency. A slope of 0 indicates 0 percent efficiency. Extreme caution
must be used in determining the endpoint of the discharge cycle and in
controlling both charge and discharge currents accurately, since a small
error in end-of-discharge voltage or in current can lead to large errors
in the efficiency (ref. 9).

Naval Ammunition Depot (NAD), Crane, Ind., measures efficiency in
the same manner, but shows a plot of ampere-hour output versus time.
Since charge current is not constant in a voltage-limited charging mode,
this method shows true efficiency only during the constant current portion
of the curve.

Vinal (ref. 19) reports a similar method starting with a fully charged
battery discharging a known number of ampere-hours, restoring precisely
the same number of ampere-hours, and then discharging at the same
current until the end-of-discharge voltage of the second discharge equals
that of the first discharge. This method permits efficiency determina~
tions to be taken at a fractional depth of discharge in an operating mode
more similar to the probable operating mode of the battery. However,
at fractional depths of discharge, the end-of-discharge voltage falls on
the plateau of the discharge curve, where the voltage has a very small
rate of change with time. Because of this, a minute uncertainty in the
voltage measurement can cause large errors in the efficiency.

Another possible approach to the determination of efficiency is the
measurement of losses appearing either as heat or as mechanical work.
In sealed cells, the only form of mechanical work possible is the pressure-
volume work; consequently, measurement of heat losses and pressure
should provide a determination of efficiency as a funetion of time. No
concerted effort has been found toward correlating the measured losses
with other efficiency measurements, although losses have been measured.
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Heat EvoruTioN

Two basic types of calorimeters have been used for the measurement
of heat evolved in battery cells. The adiabatic calorimeter, various
forms of which were used by Bruins et al. (ref. 20), Metzger and Sherfey
(ref. 21), and Sparks and Bauer (ref. 9), consists of a double-chambered
calorimeter. If the cell is in a fluid environment, a thermocouple,
stirrer, and precision thermometer occupy the inner chamber. The
inner chamber, thermocouple, and heating and cooling apparatus are
all enclosed in an outer chamber. The temperature of the inner chamber
is measured as it rises or falls in response to the heat evolved or absorbed
by the test cell; the outer chamber temperature is controlled by heating or
cooling coils to equal the inner chamber temperature. Since inner and
outer chambers are equal in temperature, no heat transfer occurs between
them. Knowing the heat capacity of the contents of the inner chamber,
the rate of temperature change may be used to compute the rate of the
heat evolution causing the change.

One disadvantage of the adiabatic calorimeter is the temperature
change occurring in the cell under study. If the rate of heat evolutionisa
function of temperature, or if continuous operation of the calorimeter over
longer periods of time is required, the isothermal flow calorimeter is the
more attractive instrument. In the flow calorimeter, fluid from a large
constant-temperature reservoir passes across the cell whose heat-genera-
tion rate is to be measured, and the fluid temperature is measured both
before and after it flows across the cell. If the mass flow rate of the fluid
(determined by the controlled pumping rate) and the heat capacity of
the fluid are known, the rate of heat evolution may be calculated. Figure
2-23 shows the isothermal flow calorimeter used by Foley and Webster
(refs. 22, 23) in measurement of heat evolved in battery cells. The
primary disadvantages of the isothermal flow calorimeter are a slightly
greater timelag between heat evolution and the measured fluid temper-
ature rise, the need for more sensitive temperature-measurement elements
to measure the much smaller temperature rise of the fluid stream, and a
somewhat higher cost. Beck and Kemp (ref. 24) measured heat evolu-
tion from a battery cell by encapsulation of the cell in a foamed insulation
and measurement of temperature rise. This is a crude approximation
of the adiabatic measurement. Sparks and Bauer (ref. 25) used a
combination of flow calorimetry and adiabatic calorimetry in measuring
the temperature swings encountered in a simulated satellite environment.

PRESSURE MEASUREMENT

In unfinished cells, pressure is measured routinely by the manufacturers
of battery cells simply by attachment of a bourdon gage or pressure
transducer to the fill opening of the cell and measuring or recording
pressure. Two methods have been devised for measuring pressure in a
battery cell without making an opening in the sealed cell. These enable a
cell user to measure internal pressure without endangering the cell
balance by a loss of oxygen through the gage fittings. Bauer (ref. 26)
measured the internal pressure by fitting a cell with a strain gage on its
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Ficure 2-23.—Isothermal flow calorimeter used by
Foley and Webster in measurement of heat evolved
from battery cells.
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most flexible wall and enclosing it in a hydraulic chamber. As pressure
is generated in the cell, the strain-gage output indicates deflection of the
wall, and the hydraulic chamber is pumped up until the gage indicates
zero or null deflection. The interior and exterior pressures are then
equal, and the pressure may be read on a bourdon gage or recorded with
a pressure transducer from the hydraulic chamber. The method is
precise, but is too unwieldy for routine use with a large number of cells.
J. M. Sherfey (private communication) used a load cell (an electrical
transducer for measuring foree) to measure the internal pressure of
prismatic eells. The battery cell and load cell are clamped between
metal plates, and the battery cell is charged. The expansive force caused
by gas pressure in the battery cell is translated to the transducer and
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measured as an electrical output. The method is affected by the initial
clamping force used to hold the cell and transducer, the temperature,
and the variations between cells, and shows a slight hysteresis between
increasing and decreasing pressures. Overall aceuracy of careful measure-
ments is estimated at =310 percent. This method requires direct calibra-
tion using both a pressure gage and a load cell and is performed on a
typical cell, the same size as those to be measured, except that it has an
opening for gas pressurization.

IMPEDANCE

Several methods of measuring cell and battery impedance are currently
used. Brodd and deWayne use a capacitance-resistance bridge, and
plot the resulting impedance as capacitive reactance versus resistance.
The primary use of this method is the comparison of the diagram with the
theoretical impedance analysis based upon electrode kinetics to provide
verification of the electrode reaction mechanism (vef. 27).

NAD Crane and Martin-Marietta (ref. 28) measure impedance on
the basis of voltage change resulting from a step change in current.
Rather than present the entire curve of voltage versus time, a single point
voltage at 5 milliseconds after the step change in current is reported; no
circuit is shown by NAD Crane. The impedance is calculated by the
equation

Z=AE/AI
Martin-Marietta uses an impedance testing arrangement such as-shown in

figure 2-24 (ref. 28). Willihnganz and Rohner measure battery im-
pedance using both current step-change methods and ac bridge methods,
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FIGURE 2-24a.—Internal resistance test unit
block diagram.
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Figure 2-24b.—Martin-Marietta imped-
ance arrangement.

and found greater precision and ease of measurement with an ac RLC
substitution Wheatstone-bridge method than with the step-change
method. Separate resistance, inductance, and capacitance measure-
ments were made. Inductance is measured at 5000 hertz, capacitance
at 1000 hertz (ref. 29).

Sparks and Bauer (ref. 9) use a simplified ac bridge method for measur-
ing overall impedance versus frequency.

Leak TestiNG

Leakage tests of battery cells can be made in three ways:

(1) Chemical tests for leakage of an electrolyte will detect gross
leaks from the cells. These tests are performed by spraying the cell
with an indicator solution which changes color upon contact with a
strong alkali or acid, or by wiping the cell with a dampened strip of
paper impregnated with the indicator. Some of the indicators used are
litmus (refs. 30, 31), phenolphthalein (refs. 28, 9), and bromothymol
blue.” In general, the tests should be made with the cell short circuited
to prevent a false indication caused by the electrolysis of the indicator
solution and production of traces of alkali or acid at one of the
terminals.

(2) Smaller gas leaks, usually helium, may be detected by a spee-
trometer (ref. 32). If, immediately prior to sealing, the cell is backfilled
with a calibrated quantity of helium, small leaks of the order of 10-%
cc/sec may be detected by means of mass spectrometry. Argon has
also been used, but the test is complicated by the presence of appre-
ciable quantities of argon in the atmosphere at sea level (ref. 9). A
detailed analysis of seal leakage testing is given in reference 32.

(3) Gross leak detection may also be performed by immersion of
the cell in a nonwetting fluid, such as mercury, and evacuation of the
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chamber holding both mercury and the cell. Leaks are detected by the
formation and rise of bubbles through the mercury.

TRANSIENT VOLTAGE PHENOMENA

The measurement of battery voltage transients resulting from sudden
load changes may be necessary if sensitive equipment must be operated
from a battery power line which is subjected to large current transients.
Such measurements are frequently complicated by switching noises and
ringing introduced by the measurement of circuits. R. S. Sawyer
(NASA Manned Spacecraft Center, private communication) suggests
the use of the circuit of figure 2-24¢ for measurement of voltage transients
without introduction of excess noise.

{ ' DUAL BEAM
R 2 Ry Ry SCOPE
| ON _ Sporr
10 —SB
J_ AMPS
BATTERY - SCR 5
UNDER TEST 6.7 2N-1910 TRIGGER g INPUT
AMPS ® M -
¥
ONL 66.7 sC
fOFF AMPSl ¢ RESET ON
= I DRY CELL
SA ]OFF &= v

Fieure 2-24¢.—SCR switching circuit for applying battery transients.

Switehes SA and SB are positioned to “on.”” This results in a 16.6-
ampere load being applied to the battery (10 amperes through R, and
SA, and 6.6 amperes through R, and one-half of switech SB). The other
half of switch SB is closed at the same time the 16.6-ampere load is
applied, but the additional 66.7-ampere load is not applied, since the
SCR has not been turned on.

After the 16.6-ampere load has been on for 3 minutes, switch SC is
placed to the “on” position; this sends a trigger signal to start the scope
trace, and a few microseconds later the SCR is turned full on. With the
SCR on, an additional 66.7-ampere load is applied to the battery through
R,, one-half of switch SB, and the SCR for a total load of 83.3 amperes.
The RC network components B, and C, are selected so that point X of
capacitor C, is charged to 3.0 volts in approximately 10 milliseconds. The
voltage at point X is also the gate voltage to the SCR, and the maximum
gate turn-on voltage is 3.0 volts. The turn-on time of the SCE (90
percent, full on) is 1.5 to 2 milliseconds. Therefore, the maximum time
delay from scope trigger to SCR full on is approximately 12 milliseconds.
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AccepTANCE TESTING

The amount of acceptance testing performed on cells and batteries
varies with the criticality of the application using the batteries as well as
the level of confidence of the battery engineer or system engineer.
Typical aerospace acceptance tests generally applied are as follows:

Weight
Dimensions
Capacity
Charge retention
Impedance
Leakage
Environmental:
Shock
Vibration

The environmental acceptance testing required on batteries for terrestrial
applications is defined in generalized specifications developed by the SAE,
ASA, and other agencies and in military specifications for both terrestrial
and aireraft applications. However, aerospace testing requirements are
not normally established in general specifications, because of the large
differences in environment inherent in launch vehicles, and because the
lightweight structures tend to develop resonances which amplify the
shock and vibration differently in each application. At the present time,
each application has environmental test requirements tailored to the
application. In general, the approach to acceptance testing of battery
cells and batteries has been the measurement of those factors of use in
assuring good cell quality, followed by an environmental test which
exposes the cell or battery to the anticipated stresses. In addition to the
shock and vibration tests, complete batteries are usually exposed to a
thermal vacuum test, in which the battery is mounted on a radiating plate
and operated while exposed to a combination of the expected thermal
environment and a hard vacuum.

Depending upon the environment to which the cell or battery may be
exposed, other test requirements may be imposed.

DEesieN QuaLIFicATION TESTS

In both the design qualification tests and the environment acceptance
tests, the operating battery is exposed to shock, vibration, thermal-
vacuum, and any other appropriate test. In design qualification testing,
the stress level applied to the battery is higher than in acceptance testing.
One or more prototypes are tested using the theory that if they withstand
the rigorous environment of the qualification test, identical units will
easily survive the less-severe operational environment. Experience has
shown that, in general, battery cells have little difficulty surviving the
mechanical shock and vibration associated with the typical aerospace
environment, but that temperature control of the battery is essential to
its survival. Complete batteries and batteries mounted on spacecraft
structures may show more frequent mechanical failures, depending upon
structural details.
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Lire TEsTING

The time of survival of batteries in both nonoperating and operating
environments is critical. The nonoperating environment is usually
simulated in life tests by storing the cell or battery over a range of
temperatures and occasionally removing a specimen for test and evalua-
tion. The operating environment tests usually repeat whatever non-
destructive acceptance tests may have been performed, followed by
operational tests to determine the deterioration which has taken place
over the storage period.

Life tests of secondary batteries may take the form of cycle-life testing,
consisting of a series of charge and discharge operations continued until
the cell or battery has failed. In both shelf tests and cycle-life tests,
an analysis of the causes, mechanisms, and probability of cell or battery
failure goes hand in hand with the tests themselves.

Two approaches can be taken to the cycle-life testing of secondary
batteries. In the time-of-survival approach, groups of cells are cycled
in a predetermined pattern, subjected to an environment or a set of
environments characterizing the expected application. A eriterion or
definition of failure is established. When the individual cell or group
of cells pass across the dividing line between success and failure, the
test is terminated and the cells dissected to determine the cause of failure.
In the parametric variation approach, the electrical characteristics of
the cells are measured at the beginning of life, and each variable affecting
the characteristics is varied independently to determine the individual
effects on electrical characteristics. Having established the performance
of new cells, the cells are eycled in accordance with one or more pre-
arranged schemes, and specimens are removed periodically for a repeti-
tion of electrical characteristic measurements. The effect of cycle life
is established quantitatively in terms of its effect upon the electrical
characteristics and upon the variables affecting the electrical character-
istics.

The relative merits of the two approaches are easily evaluated. The
time-of-survival approach answers the specific question: “If 1 operate
the cell in this specific way, how long will it last?”’ This approach is rela-
tively inexpensive and readily automated, except for the final analysis of
failure. It depends for its success upon the initial definitions of failure
and success and upon the judicious selection of test conditions. If these
criteria are not carefully chosen, trivial answers will result. For example,
if the test conditions are too severe or if the definition of failure is not con-
sistent with the test conditions, immediate failure may result; however, it
may be possible to operate the “failed” cell for several years under more
reasonable test conditions. The parameter-variation approach provides
quantitative measurements of the critical factors which affect cycle life.
From these quantitative measurements, it is possible to derive all of the
data necessary to predict characteristics under operating conditions other
than the specific test conditions, provided that the original range of
measurements encloses the operating conditions, or that data extrapola-
tion is practical and has a reasonable basis in theory or experience. The
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danger in the parameter-variation approach is that the cell-operating
characteristics may be affected by so many variables that the determina-
tion of all the effects of the variables may not be feasible without excessive
expense. If one of these important variables is uncontrolled and undeter-
mined, the value of the measurements is usually greatly reduced, since
the uncontrolled variable will tend to broaden the band of measurements,
obscuring the effects of the measured variables. Consequently, an all-or-
nothing approach must be taken. All of the important variables must
be known and controlled to produce precise, repeatable data.

A number of compromises are possible in achieving a proper balance
between the two approaches to cycle-life testing. For example, the
number of cells cycled may be considerably larger than those removed for
characterization testing, so as to minimize the expense of characterization
testing. Similarly, cells need not be subjected to such rigid control of
environmental and operational variables during routine cycling as during
characterization testing,.

AcceLErRATED TESTING

Under some circumstances, it is possible to accelerate the rate of cell
failure by varying the rate-controlling variables so as to speed up the
failure process. In this way, it is possible to estimate the survival time of
a battery under more normal operating conditions by a test of relatively
short duration. Willihnganz points out in a battery workshop sym-
posium (ref. 33) that the successful use of accelerated-life testing of
lead-acid batteries depends upon aceeleration of the specific process
causing failure under normal operating conditions. If, for example,
a degradative process slower than the usual failure mechanism is acceler-
ated to the point at which it controls the service life, the test will give
misleading results. The application of accelerated-life testing to batteries
therefore requires a thorough knowledge of the mechanisms of all of the
failure processes, and the way in which they vary with the accelerating
test variables. The approach is common to all cell systems. However,
a large volume of field service data is usually needed before it is possible
to correlate accelerated test data with actual operating data.

TEST EQUIPMENT

A wide variety of test equipment has been used for testing batteries
from simple to complex systems. The equipment used in some of the
major aerospace test facilities is described below.

CycrinGg TESTERs

The elements of a battery-cycling tester are shown in figure 2-25.
The functions of each of these elements is as follows: The power supply
delivers controlled power to the cell during charge and controls the dis-
charge current during discharge. If the charge and discharge currents
are different, a remotely programed power supply or two separate power
supplies may be used to change the current settings,
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Ficure 2-25.—Elements of a battery cycling
tester.

Electrical switches or relays change the connections of cells, power
supplies, current, and voltage programing by switching from charge to
discharge, and vice versa. The safety monitor system monitors cell volt-
ages and actuates the switchgear when any cell reaches an operating
regime which could damage either cell or equipment.

VOLTAGE MEASUREMENT

Cell voltages are measured or recorded by connecting a precision
voltmeter (or analog-to-digital converter) consecutively across each cell
through the cell-selection switchgear. The operation of this equipment
is eoordinated and controlled through a central programer, the complexity
of which may vary between manual control through the usual clock-
timed programer, to a computer of the process-control type which has
output relays for the performance of switching and control operations
and which may also do some additional on-line data reduction. A
typica,l example is the NAD Crane test setup. A block diagram of this
is shown in figure 2-25 (ref. 34).

One problem associated with the design of large testing setups mtended
for unattended operation for long periods is the reliability of switches,
clocks, and relays. A failure in test equipment can compromise the use-
fulness of the data, even though the safety monitoring system prevents
actual damage to the equipment and test specimens. Other problems are
encountered when large, high-speed data acquisition systems are assem-
bled. One of the most frequent is common mode noise due to the presence
of ground loops and of stray fields from lighting and other equipment.
Ground loops may be eliminated by using single-point grounding tech-
niques. Noise pickup in measuring circuitry may be minimized by the
use of guarded input circuitry and by integrating the input over a finite
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period of time. Integrating digital voltmeters are generally available.
NAD Crane integrates inputs by using the hold-and-read method, in
which the voltages are held in precision capacitors and then seanned by
a digital voltmeter immediately after having been diseonnected from the
cells. This integrates the noise over the storage period of 400 milli-
seconds, and has the additional advantage of a zero time delay between
measurements (ref, 34).

SHUNTS

If accuracies better than 2 percent are desired, the method of obtaining
current measurements and settings is usually restricted to the deter-
mination of voltage drop across a precision shunt. The design of a shunt
for accurate measurement is a compromise between the accuracy of
voltage measurement and heat generation. NAD Crane (ref. 34) uses
shunts with 100-millivolt full-scale drop, requiring voltage measurement
accuracy of 0.1 millivolt to achieve 0.1 percent of full-scale accuracy.
On the other hand, shunts with a 1.0-volt full-scale drop have a heat
dissipation 10 times greater than the 100-millivolt shunt, making it
necessary to consider the possibility that excursions in shunt temperature
may affect measurement accuracy. As an example, manganin has a
coefficient of resistivity of 0.002 percent/°C. If an overall accuracy of
0.1 percent is desired in which one-half is allocated to shunt temperature
variations, and the other half to other uncertainties such as accuracy
of calibration, the shunt must operate in a temperature range of 4-12.5° C.
This is not impracticable if large open-ribbon shunts are used and if
additional cooling can be applied where required.

Power SupPPLIES

There is a whole spectrum of solid-state, automatic-crossover power
supplies available throughout the industry which are ideal for battery-
cycling operations. In the automatic-crossover power supply, both a
voltage limit and a current limit may be set. The output characteristics
of the supply follow the load demands. A large load demands a higher
current than the preset current limit permits, so the current is supply
limited, resulting in a lower output voltage than the preset value. As
the load becomes smaller, the voltage required to force the current
through the load increases, the supply automatically crosses over at the
preset voltage limit to a voltage-limited mode, and the output current
falls. Many of these power supplies have a remote sensing capability,
in which the signal voltage may be taken directly from the battery
terminals to the wvoltage-limiting control circuit, rather than at the
output of the power supply. This enables accurate control of potential
at the battery terminals and eliminates the effect of line drop. In some
commercial power supplies, however, the remote sensing circuitry is
unable to compensate for very large line drops which may occur as a result
of long power runs, and some modification of the power supply is neces-
sary. One such modified power supply is the Hewlett-Packard
J-11-6274 A. :
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CerLL DropouT SWITCHING

When charging cells at a constant current, it may be desirable to
measure the voltage of each cell so that a cell reaching the preset limit
may be removed from the circuit, while the remaining cells in the series
circuit continue to be charged. This is accomplished by the switch con-~
nection pattern shown in figure 2-26. However, as the cell and battery
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41
18}

il ]
i i

Freure 2-26.—Switch connection pattern.

operating currents increase, the availability and cost of reliable switching
relays becomes a problem. Consideration should be given to the use of
semiconductor switches mounted at or near the test cell group. Low-cost
germanium transistors capable of switching more than 30 amperes are
readily available.

LiNne Dror

Consideration should be given to the line drop, switching voltage
losses, etec., in purchasing power supplies. For example, in charging
20 series-connected nickel-cadmium cells, approximately 30 volts are
required. However, if cell dropout switching is needed at a distance of
15 feet from the control cabinet, the total line length is 600 feet, and
voltage drops of 10 to 15 volts are not impossible.

Compurer ConNTrOL OF TEST OPERATIONS

The advent of low-cost process control computers has made practical
the development of computer-controlled testing facilities. These com-
puters have the capability of performing switching operations which may
be used to control test parameters with great flexibility. Concurrently,
some on-line data reduction can be performed minimizing the amount
of stored data required. For large-scale test setups, these centrally
controlled systems have advantages in flexibility and in partial data-
reduction capability, and also cost advantages. The decision-making
capabilities of the computer may be used to perform the safety-monitoring
functions and to control the measurement functions, thereby eliminating
a great deal of ancillary equipment. Data are recorded at high speed on
punched paper or magnetic tape in a format suitable for additional data
reduction by a general-purpose computer. One such test facility has been
set up by Martin-Marietta Corp. of Baltimore, Md. (ref. 28). The
block diagram is shown in figure 2-27. At this time the facility is
operating but no data have been published.
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Fieure 2-27.—General block diagram—computer-operated battery system.

ComMPUTER DaTA ANALYSIS

The large mass of data produced by long-term battery cycle life testing
has led to recording of data on punched paper or magnetic tapes for
subsequent analysis by computer. In general, this approach has been
relatively unsuccessful, not because of any limitations in the method
itself, but because inadequacies in the design of the testing program have
resulted in the amassing of large volumes of data which defy analysis by
any method whatsoever. So far, published results of computer analysis
of battery data have been restricted to nickel-cadmium cells. These
results are reported in chapter 4.

Existing NASA Test FACILITIES

Major test facilities financed wholly or in part by NASA, or engaged
upon NASA-sponsored test work, are described below.

The NAD Crane facility is the largest and most extensive of the
NASA test facilities. A block diagram of the system is shown in figure
2-28. A central 28-volt source supplies electric power to all of the
cycling systems. Each cell pack is serviced by its own charge controller,
which bas current and voltage limit settings within 1 percent accuracy.
Control stability is not reported. The charge controller also contains
the timing and switchgear for eycling between charge and discharge.

The safety-monitoring system has two parts. An undervoltage moni-
tor continuously monitors the voltage of the entire pack, lighting a
warning light and opening the circuit when the pack voltage falls below
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Figure 2-28.—Block diagram—NAD Crane test system.

a preset limit. No further automatic action is taken. In addition, the
voltages of the individual cells are monitored at intervals and, when any
one cell falls outside either the upper or lower limits, an alarm sounds,
a light goes on, and the entire pack is disconnected from the charger
and left on open circuit. Cells are scanned every 2 minutes with a 900-
point crossbar scanner.

The data-logging system has 30 input channels, of which 10 are used
for cell measurement, 2 for battery pack voltage measurement, 2 for
current (voltage across 100-millivolt shunts), 1 for battery pack identifica-
tion, and the remainder as thermocouple channels. Cell-voltage-
measurement channels have an accuracy of 0.25 percent of full scale,
with a full scale of 10 volts. On the basis of a 1.25-volt signal, an
accuracy of slightly better than 2.5 percent is achieved. Current
measurement accuracy will be determined by the unreported shunt sizing.
The current- and voltage-measurement, channels are of the sample-and-
hold type, integrating the voltages over a period of 400 milliseconds by
storage in precision capacitors, and reading by the digital voltmeter after
disconnection from the cell. This minimizes noise pickup in the lines.

Voltages are amplified by a high-impedance differential amplifier,
where the gain is automatically switched in accordance with the full-scale
channel rating, and are converted to a digital signal for recording on
punched paper tape,

The Martin-Marietta facility (ref. 28) utilized an IBM-1710 process
control computer for control of battery testing. No information is given
about the accuracy of the controls or measurements, except the analog-to-
digital converter, which is stated to be 0.05 percent of full scale. A block
diagram of the system is shown in figure 2-27. This facility is no longer
in existence.
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CHAPTER 3

Data Requirements and Format

DATA REQUIREMENTS

The requirements for battery-operating-characteristic data depend
upon the electric-power-system design in which the batteries are used.
A relatively simple and conservatively designed system generally requires
a minimum of detailed operating-characteristic data. As the design
becomes more sophisticated and the requirement for high-efficiency
storage and utilization of source energy becomes more critical, the
requisite amount and accuracy of battery characteristic data increase.
The maximum data required for a highly sophisticated power subsystem
are:

(1) Discharge voltage as a function of time under the actual load
conditions expected.

(2) Charge voltage and current as a function of time under the
actual charging conditions expected. If the charging conditions are
unknown, the battery data should contain enough information to derive
the charging current and voltage required.

(3) Overcharge current requirements.

(4) Quantity of electrical energy available from the battery at
certain critical points in the mission, and the assurance that at all other
periods the energy availability exceeds the requirements.

(5) Rate of heat evolution as a function of time under the actual
charge and discharge conditions expected, and a complete temperature
profile of the battery as a function of time.

(6) Impedance and phase-shift characteristics of the battery as a
function of frequency.

(7) Efficiency of the battery’s energy storage and its associated
electronics.

(8) Probability of battery failure as a function of time and condi-
tions of use.

(9) Battery voltage transients for critical load changes.

Most, if not all, of the above data requirements depend upon system-
design concepts as well as environmental variables such as temperature,
charge and discharge currents, and system-load characteristics and
specifications (which vary with the changing spacecraft designs and
missions). A consistent format is required for presenting battery data
in a parametric form useful for ealculating the required system character-
istics over a wide range of system designs. If possible, the data should

55
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be in a form which ean be interpolated or extrapolated and used in
designing power systems for missions with no available direct battery
test data. This does not preclude the need for a final measurement of
battery-operating characteristics under actual or simulated operating
conditions. However, greater accuracy in the initial design stages can
drastically reduce the incidence of expensive surprises after much of the
system-design work has been completed.

EsTABLISHMENT OF FUNCTIONAL RELATIONSHIPS

To meet the interpolation requirement, the data must be presented
as a continuous function. To be extrapolated, the data must be either
linear or expressed as a mathematical function which can be evaluated
outside the existing measurements. In some cases, this function is
already known either from theory or from sufficient data having been
taken to permit fitting of a mathematical expression. An example of a
funection which is known to some degree of confidence is the potential of
a nickel-cadmium cell in overcharge.

This potential is described by the theoretically derived Tafel
characteristic

E=a-+blog

where a and b are constants which vary with temperature. To adequate-
ly determine the overcharge characteristics of a nickel-cadmium cell,
it is theoretically necessary to make only two measurements at each
temperature. In practice, more measurements are required. Lesser
known relationships may not follow any conveniently solved equation,
making it necessary to measure the various parameters at enough points
to establish a continuous, smooth curve. The parameters should be
measured at several levels until enough is known about the generality
of the relationship.

The variables which influence the characteristics of the specific battery
types are discussed in the appropriate sections.

INDEPENDENT VARIATION OF PARAMETERS

In spite of the large number of battery measurements, many of the
functional relationships are not known. Furthermore, they can be con-
structed from the available data only in a limited way because the
battery measurements concentrate on typical applications, which con-
sequently confounds several of the variables significantly affecting voltage
characteristics. For example, when a battery is operated in a typical
100-minute orbit at two different depths of discharge, the charge current
and depth of discharge are varied together, making it impossible to
isolate the independent effect of either. In addition, most of the param-
eters of interest vary with the state of charge, which usually cannot be
- determined accurately from simple measurements. Better, more accu-
rate data, nevertheless, can be achieved by using carefully constructed
test programs which account for and control all important independent
variables.
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DATA FORMAT

The form in which the data are presented is extremely important to
the power-system-design engineer, and may critically affect their utility
as design data. A useful format must be compatible with techniques for
the design and analysis of a wide variety of electric-power systems, must
be flexible in application, and must have data obtainable by normal
measurement methods. A recommendation for the most desirable format
for presenting various types of data is given below. Where examples are
given for unavailable data, the curves are so marked.

CurrenT DATA

Current data should be normalized to minimize the amount of stored
data and enable comparison of the performance of cells of different
capacity.

Ideally, current data should be standardized by converting it fo
current density, in amperes/centimeter? or amperes/inch?, Under these
circumstances, electrodes (and cells) of similar construction and thickness
should display similar behavior.

Where electrode areas are unknown, it is assumed that the cell capacity
is directly proportional to electrode area and the data are converted to
normalized current in amperes/ampere-hour. For cells using electrodes
of similar construction and thickness, a reasonably good correlation of
behavior should be obtainable.

‘Whether current density data or normalized currents are used, the
accuracy with which the behavior of different-sized cells can be correlated
decreases as the difference in cell size increases due to changing edge
effects (the uneven distribution of current over the surface of a flat
electrode) and thermal conductivity effects.

VorTaGE DaTa

Battery voltage data are reduced to unit cell voltages by dividing by
the number of series-connected cells. This is a common practice among
systerm and battery design engineers.

CURRENT-VOLTAGE CHARACTERISTIC DATA

All data on the performance of electrical equipment, including batteries,
are presented as curreni-voltage characteristics, in which normalized
current is plotted on the ordinate and voltage/cell is plotted on the
abscissa. The characteristic curves of equipment other than batteries
may then be superimposed upon the battery characteristics. This is
done by dividing the current scale by the battery ecapacity, and the
voltage scale by the number of series-connected cells in the battery.
Alternatively, the battery characteristics can be expanded to true
current-voltage characteristics by multiplying current and voltage scales
by the battery capacity and the number of series-connected cells in the
battery. Either system works as long as consistent practices are fol-
lowed. The advantages of this uniform presentation will become
apparent.
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DiSCHARGE-VOLTAGE CHARACTERISTIC DATaA

In keeping with the above practice, discharge-voltage characteristic
data are presented as current-voltage curves with the estimated state of
charge as the third variable. Additional graphs may be provided at
different temperatures. In some cases, the curves will be linear; in other
cases, a functional relationship between current and voltage may be
found in which a plot of voltage as a function of normalized current! will
be linear. If such relationships ean be found, they should be used,
since this format permits extrapolation of data into unmeasured regions
in the absence of more dependable data.

NORMALIZED CURRENT, 1/C

VOLTAGE

Ficure 3-1.—Constant-power load line superimposed upon
the typical discharge characteristics of a 20-A-h nickel-
cadmium cell. Normalized current as a function of volt-
age/cell. State of charge as a third variable.

An example of this presentation is shown in figure 3-1, in which the
discharge characteristics of 20-A-h nickel-cadmium cells are shown as
a function of state of charge at 97° F. Using this format, it is possible
to construct a discharge curve (voltage versus time) by crossplotting the
intersection of the current-voltage characteristics of the cell with the
current-voltage characteristics of the load, whether the load is constant
current, constant resistance, constant power, or a complex mixture.

In figure 3-1, a typical constant-power load line is superimposed upon
the current-voltage characteristics of the battery or cell. All the data
are normalized in current.

This presentation can be used to calculate the voltage, current, and
state of charge of the cell as a function of time. Voltage, current, and
state of charge are all read from the graph at the points where the load

! Normalized current = current -(amperes)/cell capacity (ampere-hours).
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current-voltage characteristie intersects the cell characteristic lines.
The time at each interseetion is calculated by the equation

. Aty = (8Q) (2)/ (In+In-1) (3-1)
where
At, is the time required to cross from the n—1th intersection to
the nth
I, is the current at the nth intersection
AQ, is the state-of-charge increment between the n—1th and the
nth intersection

The relationship is valid for all load lines, whether constant power,
constant current, constant impedance, or complex.

VOLTS

TIME, HOURS

Fieure 3-2.—Voltage as a function of
time as computed from the data of
figure 3-1. Constant-power discharge.

In figure 3-2, a typical curve showing voltage as a function of time at
constant power is calculated using this method. Note that there is no
characteristic discharge plateau. Similarly, curves showing current as a,
function of time may be plotted and, if desired, the area under the current-
time curve integrated to obtain an accurate estimate of depth of dis-
charge under the precise load conditions expected to prevail (fig. 3-3).

This method of calculation gives a more accurate estimate of depth
of discharge under actual operating conditions than the usual methods.
These methods, based upon the assumption of constant current, are
normally too conservative. When using the more accurate method,
conservatism in design may be applied consciously, if desired, rather
than as a result of inaccurate computation methods.

At constant temperature, cell current-voltage data appear to be linear
within the range in which they were measured for several different
electrochemical systems. This enables the data to be expressed as linear



60 BATTERIES FOR SPACE POWER SBYSTEMS

—

NORMALIZED CURRENT, 1/C

TIME, HOURS

Ficure 3-3.—Current as a function of time
as computed from the data of figure 3-1.
Integration of the area under this curve
gives depth of discharge.

equations with two empirical constants, which can then be varied with
temperature and other perturbing factors.

CHARGE-VOLTAGE CHARACTERISTIC DATA

Charge-voltage characteristics are also readily presented as current-
voltage relationships, with state of charge and temperature as additional
variables. Again, the advantage of this format is the ease of reconstruct-
ing voltage-versus-time and current-versus-time curves for any desired
charge-control scheme from the same basic data set. Figure 3—4 shows
a typical family of current-voltage curves for a nickel-cadmium battery
on charge with state of charge as a third variable. Superimposed upon
these curves are the current-voltage characteristics of three charge-
control systems: constant current, modified constant potential, and
voltage-actuated multistep charging.

In the last method, a battery is charged at constant current until it
reaches a predetermined potential (dotted line), then the charge rate is
reduced to a new constant value. This reduction in charge current is
repeated through one or more preselected levels until the current has
been reduced to the final trickle-charge level. ’

The desired curves of current as a funection of time and voltage as a
function of time are determined by crossplotting and calculating the
time interval required to progress from one state-of-charge line to the
next, taking into account the charge efficiency of the battery system.

Over short intervals, » and I may be averaged or assumed to be con-
stant, and the time interval calculated by

At=(AQ) /71

where 7 and I are average n and I over the interval.
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CONSTANT
CURRENT

MODIFIED
CONSTANT
POTENTIAL

MULTIPLE
‘CURRENT

NORMAULIZED CURRENT, I/C

VOLTAGE, VOLTS

Fi16ure 3-4.—Three typical charge-control
characteristic curves superimposed upon the
typical charge characteristics of a nickel-
cadmium cell. Normalized current as a
function of voltage /cell. State of charge as
a third variable.

Like the discharge-curve example, the method is flexible enough for
use when charging current is not constant. An example of this flexibility
is found in chapter 13, “Application No. 1,” in which the entire interface
between solar array, loads, and battery is analyzed graphically.

Like the discharge-voltage-characteristic data, the charging current-
voltage characteristics appear to be linear in many cases, and may be
handled in the same way. Degradation of electrical characteristics with
temperature, age, and other factors may be expressed as changes in the
constants of the linear equations for the lines.

Caracrty DaTa

Data on the capacities of galvanic cells are currently reported as func-
tions of cycle life, temperature, current, age, and other factors. Because
of the wide variety of testing conditions and criteria of measurement,
such as cutoff voltage and end-of-charge voltage, it is often difficult to
determine from these data the expected capacity of a cell or battery under
an untested set of circumstances. If the electrical characteristics data
are properly determined and reported, the available capacity under any
set of circumstances can be determined from a knowledge of the standard
capacity of the cell and from the variations of the electrical characteristics
with the other variables. In this way, the dependence of capacity upon
operational variables such as temperature, current, acceptable system
voltage variations (which determine maximum charge voltage and dis-
charge cutoff voltage) is determined from an analysis of the eell’s electrical
characteristics. Variations in standard capacity with cycle life, age, and
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other factors can be reported as plots of capacity or fraction of initial
capacity versus log of cycle life, time, ete. A better presentation would
be the variation of electrical current-voltage characteristics with these
factors, so that the complete discharge curve can be reconstructed as
required.

EFFICIENCIES

Efficiencies of primary batteries are best reported as the electrical work
efficiency as a function of current, temperature, and other variables.
(See ch. 2.) The efficiencies of secondary batteries vary in charac-
teristics, depending upon the particular reaction mechanisms causing the
loss in efficiency. The means of reporting efficiency is treated in the
chapters dealing with each galvanic system. It is important to note,
however, that where the ampere-hour efficiencies of the cells are not
equal to 1.0, these data are vitally important to the caleulation of several
essential characteristics of the system, such as available capacity or state
of charge, battery heat-evolution rate, and temperature.

OVERCHARGE CHARACTERISTICS

Battery and cell overcharge characteristics are currently being re-
ported in the proper format, a plot of the log of overcharge current versus
cell voltage with temperature as a third variable. Accurate reporting of
temperature is essential, including a statement of the accuracy of measure-
ment and the point at which the temperature was measured.

IMPEDANCE

Two types of impedance measurements have been made. Where
impedance data are to be used only for an assessment of the condition of
the cell, a single value may be reported and correlated with the cell con-
ditions. Where impedance data are to be used in power-system design
and analysis, the impedance should be reported as a function of frequency
from 1 hertz to 50 kilohertz. (See ch. 4, fig. 4-16.) It would also be
desirable to report phase shift throughout the same range.

SpeciaLizEp Dara RELATED TO THE SiLVER ELECTRODE

The silver electrode as used in the silver-cadmium and silver-zine cells
has a discontinuity in both the charge and discharge curves due to a
change in the chemical reaction as the process proceeds. In the charge
curve, this transition is marked by a change in the voltage level of the
cell, and by a peak in the voltage (at constant current) which must be
passed before the transition is complete. (See ch. 5, ‘“Electrical Char-
acteristics.””) This intermediate peak occurs at a varying state of
charge in the neighborhood of 30 percent and its amplitude varies both
with current and with temperature. To define accurately the location
and amplitude of this phenomenon, it is convenient to show the data as a
current-voltage curve as seen in figure 3-5 (ignoring the fact that the
state of charge is not constant) which varies as a function of temperature,
and a family of curves which show the state of charge at which the inter-
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mediate peak occurs as a function of temperature, with current as the
third variable (fig. 3-6). When these data are added to the usual
current-voltage characteristics, they complete the characterization of
silver-electrode cells.

STATE-OF-CHARGE INFORMATION

While the system-design engineer usually requires data expressed as a
function of time, the properties of the battery can be referenced only to
the state of charge. If battery data are expressed as a function of time,
and the state of charge at critical points in the charge-discharge cycle is
not accurately known, the electrical characteristics are based upon a
drifting reference point and are essentially unpredictable. This gives
rise to the complex and unwieldy form of data as it is currently reported
in the literature, and creates serious problems for the system designer.

For this reason, all those characteristics which vary with state of
charge are plotted in this work as functions of the true state of charge.
Time is eliminated as an independent variable and the variation of
electrical characteristics in specific applications as a function of time are
calculated from state-of-charge data using the appropriate equations.
Because of the lack of data on the standard capacities of the cells from
which the data were taken, state of charge is usually shown as a per-
centage of the nameplate capacity. For the purposes of design accuracy



64 BATTERIES FOR SPACE POWER SYSTEMS

0.5
O 40°F
{ 75°F
A10°F o A
0.4 - %
g
—_
Z 03
o
z
g
[v] [e3 B 29
[=]
N
5 0.2
2
o
z
0.1
o ¢ &
00 &
0
20 25 30 35 40 45

STATE-OF-CHARGE, % OF RATED CAPACITY

FiGure 3-6.—State of charge at which transition
peak amplitude is a maximum, as a function of
current. Temperature as a third variable.

and convenience, the data would be better expressed as a percentage of
the standard capacity. (See “Definitions,” ch. 4.)

MeTHODS OF APPLYING DATA TO DESIGN

The basic methods of applying the data as expressed in the recom-
mended format have already been shown. Additional refinements of
method, and the techniques for calculating the required battery capacity,
recharge power, battery heat-evolution rates, voltage-limit settings,
temperature-compensation curves, etc., may be found in chapter 13,
containing the analyses of three typical applications and illustrating the
calculation methods.

Service-Lire DaTta

Currently, data on survival of secondary batteries are usually reported
as a relationship between the log of cyele life and the depth of discharge,
without consideration of the mode of failure. Conditions of operation
such as current and temperature are usually reported as additional
variables, or are confounded statistically with depth of discharge.

In view of the lack of data on the rates of the various failure processes
in aerospace cells, no improved data format can be defined at this
time. The general line of investigation which should be pursued,
however, is the independent identification of each of the processes going
on within the cells leading to failure, a determination of the rate with
which the process occurs, and its relation to the operational and environ-
mental variables which affect the rate. Once these have been deter-
mined, a logical format can be devised.
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A great many variables have been determined to affect service life;
others have been suggested as having some impact upon life. Among the
variables suggested as being of primary importance are cell size, struc-
ture, manufacture, maximum charge voltage and minimum discharge
voltage, temperature, operating currents or rates, extent and rate of
overcharge, depth of discharge, and the effects of isolated occurrences
such as excessive overcharge or overdischarge.

DEFICIENCIES IN AVAILABLE DATA

There are insufficient available data on the electrical characteristics
of the nickel-cadmium system. Parametric data are needed to estimate
cell and battery performance prior to conducting tests to prove design and
service life. Such data must be based upon estimates of the state of
charge of the cell or battery. Because of the peculiar characteristics of
the nickel electrode, such estimates are difficult to make accurately. At
the present time, the available data cannot be readily assembled into a
coherent picture of cell performance, nor are the current or proposed
testing programs likely to elicit such information. A néw approach is
required involving a study of all of the factors, and their interactions,
which influence cell performance.

Specifically, this requires the systematic acquisition of electrical
characteristics while holding constant all but one of the variables which
affect the electrical characteristics of the nickel-cadmium cell. At the
present time, the following variables are known to affect the voltage of
a nickel-cadmium cell:

Variable Sensitivity
Current. _____ ... 0.1 to 0.2 volt-A-h/A?
Temperature. ... ... __.___ 0.001 to 0.002 mV/F. In the overcharge
region. Insufficient data elsewhere.
State of charge__________________._ 1
Current of prior half eycle__. _____
Temperature of prior half cycle__. l
Age ool .
Depth of discharge_._....___.____ Insufficient data.
Number of eyeles...___.__._.______
Number of cycles since last J

reconditioning_ __________.______

!Derived from the slope of the normalized current-voltage lines. To obtain the
conventional figure in ohms, divide by the cell capacity in ampere-hours.

If all of the above variables, exclusive of age effects, are of critical
importance in the electrical characteristics, the measurement experiment
would be an 8X8X3, and would require 192 cycles. This would lead
to confounding of age effects with some of the other effects being ex-
amined. However, by judicious selection of tests, and cautious appli-
cation of statistical techniques, it should be possible to reduce the
number of measurements to a more manageable level. Certainly, once
the data have been taken for one type of cell, spot checks will be sufficient
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to determine whether or not some of these data are transferable to other
similar cells.

More data are needed on the rate of onset of the memory effect and
on the means of reconditioning batteries on a battery basis. Current
cell-reconditioning arrangements are satisfactory in the laboratory and
in prototypes, but the complexity of the electronics required for remote
reconditioning reduces system reliability.

Resolution is required of the differences in overcharge character-
isties between vendor data and other published data. If possible, these
data should be normalized to unit capacity (rated or measured) and a
standard deviation of values should he determined. Greater measure-
ment accuracy is necessary for the acquisition of overcharge data than
has previously been used. This is because the current is extremely
sensitive to applied voltage, a tenfold change in current resulting from
a change of 20-30 millivolts in cell terminal voltage. These data are
essential for the design of overcharge current-limiting circuitry.

Of vital importance is a means of predicting the thermal balance of
a nickel-cadmium battery from a proposed charge-discharge ecycle.
Because of the difficulties in predicting the state of charge of the battery
or cell, the thermal balance, which is dependent upon state of charge,
is also extremely difficult to predict.

This points out the need for a carefully conceived and controlled
experiment in which the rates of each of the simultaneous reactions are
determined or estimated independently. The work done at American
University by Foley and Webster (see ch. 4, “Heat Evolution”) is an
excellent beginning, but requires additional measurements to expand its
utility. These measurements might include gas evolution rates as a
function of nickel-electrode potential both on charge and at rest, the
cadmium-electrode potential as a function of gas recombination rate,
and improved estimates of the reversible potential of the nickel electrode
as a function of state of charge. Several measurements of enthalpy have
been made, with moderately good results, but additional entropy data
are required. Improvements in entropy data are likely to be difficult
because of the irreproducibility of the nickel electrode’s reversible
potential, the temperature coefficient of which is used to calculate the
entropy.

Impedance data as presently measured are adequate for detecting
defective cells and for estimating overall power-system impedance when
the battery is floating on the line. Frequently, however, cases arise in
which a knowledge of the impedance characteristics of a battery are
required as a function of frequency, and a carefully designed testing
procedure should be developed for measuring this characteristic. Phase-
shift data would also be desirable in some cases. Impedance and phase-
shift data are vital in the analysis of voltage regulator stability.

Efficiency data are of vital importance in calculating the state of
charge, which is a critical reference point for all other data. With the
exception of the data shown in chapter 4, virtually no efficiency data are
available in the published literature. Moreover, the efficiency data
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presented in chapter 4, although the best available, were collected from
varied sources and manipulated to achieve internal consistency. The
result, while usable, is unsatisfactory. Acquiring efficiency data is
therefore of critical importance.

Efficiency data also require extreme accuracy in experimental measure-
ment and control. Of greatest importance is the accurate control of
current, temperature, and cutoff voltage. The accuracy of efficiency
data is especially sensitive to cutoff voltage because of the low slope of
the voltage-time curve.

Data on the effects of high current pulses lasting up to 50 msec on
the battery voltage, and on voltage fall and rise times associated with
such high-current pulses, are required for analysis of the effect of engine-
starting and ordnance-firing operations. Published data are conspicu-
ously lacking, and acquisition would be low in cost and of great value.

Cyecle-life and failure-mode data derived from NAD Crane tests are’
of some value in their present form. However, more data could be
obtained from the cycled cells, which represent a very large investment in
testing costs. The division of the cells into 10-cell packs, and the pre-
sumption of pack failure when one-half of the cells of any pack have
failed, automatically deprives the tester of one-half of the data. Having
invested from several months to several years in testing 10 cells, data
are collected only from 5. In addition, it would appear advisable to
retest the original definition of failure by performing an extensive series
of reconditioning and electrical tests on the failed cells to determine
their actual capabilities after having failed to perform the assigned
mission. ~ This involves a slight risk of compromising the accuracy of
some of the failure analyses, but offers a valuable cross-check on the
original definition of failure. Cells which have undergone physical
failures such as internal short circuits are unlikely to recover, but remain
susceptible to failure analysis.

Charge control of nickel-cadmium cells has been extensively in-
vestigated. Two advanced methods show great promise. The auxiliary
electrode method, which actually combines modified constant potential
charge, compensated for cell temperature, and a switchdown-to-trickle
charge on receipt of a signal from the auxiliary electrode, appears to be a
useful method for most applications. Data have been accumulated
showing the response of the system to variations in temperature. The
remaining task for development of this method is a demonstration of the
charge control at a continuously varying temperature. The coulometer
method appears very promising but has one serious deficiency. This
method is unable to compensate for the inefficiency of the nickel electrode
at elevated temperatures. Further investigation is needed to determine
the upper limits of temperature and the lower limits of current at which
the cadmium-cadmium coulometer represents a useful predictor of
nickel-cadmium-battery state of charge.

Test data are inadequately reported. Considerable emphasis is placed
upon accuracy of measurement, but reporting of control accuracy is
usually incomplete. The large volume of data generated by cycling tests
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is not suseeptible to useful reduction and summarization. For power-
system designs, current programs are taking the direction of computer
control and on-line data reduction to minimize the amount of printed
data. Aside from descriptions of the eapabilities of the data acquisition
systems, little has been written to show the direction the test programs
are to take. On-line data reduection, with all of its advantages in brevity
of stored data, has the characteristic of discarding raw data in favor of
reduced, or summarized, data. This means that if the correct decisions
are not taken at the beginning, critical pieces of information could be
discarded automatically. The advent of computer-controlled testing and
data acquisition into the battery field requires that a careful analysis of
the test programs be conducted prior to their inception to assure that an
apparently insignificant omission does not compromise the accuracy,
validity, or utility of the data taken.

Present methods of normalizing data divide current by rated capacity
s0 as to develop a generalized relationship for cells of different capacities.
Differences exist, however, in cells of similar rated capacity due to
variations in structure, electrolyte content, true and projected surface
areas of the electrodes, and loading of electrodes with active materials.
These differences have a significant effect upon the electrical performance.
If data are not available from the vendor on these and other significant
characteristics, because of a reluctance to disclose proprietary information
or for any other reason, measurements should be made, and an effort
made to correlate these data with electrical characteristic measurements.



CHAPTER 4'

Nickel-Cadmium Batteries

INTRODUCTION

Two basic varieties of nickel-cadmium batteries are available: the
pocket-plate type and the sintered-platetype. In the pocket-plate type,
the active materials are mixed with conductive metals or graphite and are
loaded into nickel-plated steel tubes or pockets. In the sintered-plate
type, porous electrode plaques are fashioned of sintered-nickel powder,
and the active materials are introduced into the electrode pores by
immersion in the nitrate or chloride solution of the metal, i.e., Ni(NO,),
or CA(NO,),, followed by electrolysis of the impregnated plaque in alkali.
All data and discussion in this report refer to the sintered-plate sealed
nickel-cadmium cell.

The electrodes of the sintered-plate cell are damp but are not im-
mersed in a pool of electrolyte. This unusual feature leaves encugh
electrode surface available for a gas evolution-recombination process to
occur, allowing continuous low-level overcharge of a hermetically sealed
cell without excessive internal pressures.

HISTORY (Refs. 1 and 2)

The nickel-cadmium couple was first investigated in 1890 by Walde-
mar Jungner, a Swedish chemist, who received the initial patents in 1899
and 1901. Thomas Edison was awarded a British patent for a nickel-
cadmium couple in 1900, but he did not actively use the system because
it had a relatively low depth-of-discharge capability. Jungner was
joined by K. L. Berg, and by 1904, they were in pilot-line production of
batteries for shallow-cycle and standby operation. In 1906, they
formed the New Jungner Ackumulator Co.

These early batteries had two basic problems: (1) The negative
electrode was a mixture of cadmium and graphite contained in perforated
sheet nickel pockets and it lost capacity rapidly as a result of compaction
and loss of porosity. (2) The positive electrode used in both the nickel-
iron and nickel-cadmium cells swelled and lost capacity. Edison con-
trolled this problem by using a tubular design ; Jungner solved the problem
by using nonswelling black-nickel hydroxide. At first, the negative capac-
ity loss was prevented by using coprecipitated iron instead of graphite as
the conductive material in the negative electrode, but on deep discharge
the iron went into solution as a ferrite, migrated to the positive electrode,
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and reduced its capacity. Today, electrodes are made with a less-soluble
form of iron.

Additional improvements in the nickel-cadmium cell were the use of
cobalt traces for extending life (1924 to 1934) ; the addition of nickel strips
for increased electrical conductivity (British, late 1920’s); the use of
thinner and higher conductivity electrodes (British, German, early
1930’s); the development of the sintered, high-performance electrode
(German, early 1930’s); and the development of the technology for the
sealed cell (German, mid-1930’s). The manufacture of the pocket and
tubular nickel-cadmium cell has been carried out in Germany since the
1920’s; in England, France, and Belgium since the 1930’s; and in the
United States since 1946. The Allied Powers acquired the technology of
producing sintered electrodes as a part of World War II reparations, and
began their manufacture in the early 1950’s. The Japanese and Soviets
also produce nickel-cadmium cells.

The advent of the hermetically sealed nickel-cadmium cell capable of
tolerating moderate amounts of overcharge has been a major factor in
the development of long-life, compact, high-performance electrical equip-
ment from electric toothbrushes and razors to satellites.

ELECTRODE REACTIONS

The reactions of the nickel-cadmium cell have been studied extensively
(refs. 3, 4, 5), particularly the nickel-electrode reactions.

CHARGE-DiscuarRGE REACTIONS

At the negative electrode:
Cd+20H =Cd(OH),+2¢
E, .,=—0.809—0.059 log ay- (4-1)

The reactions of the positive electrode are still in some doubt. Falk
(ref. 4) suggests:

2NiOOH+2H,0+2¢ =2Ni(OH),+20H
Erev=0.480+0.059 log 202 (4-2)
G (0H™)

but shows a deviation from the theoretical of the measured emf as a
function of KOH concentration. In cells using a 26-percent KOH
electrolyte, the negative-electrode potential was independent of the state
of charge, while the positive-electrode potential varied with the state of
charge. This was interpreted as resulting from the formation of solid
solutions of NiOOH and Ni(OH), (ref. 4). The emf may be expressed
as a function of the H,O activity in the electrolyte.
2Ni0OOH4-Cd+2H,0=2Ni(OH),4-Cd(OH),

' E..,=E°—0.059 log a4, (4-3)
As a result, in a cell operating in a starved condition, the quantity of
water consumed is large in proportion to the amount available in the

electrolyte, and changes occur in both the activity and the emf of a
nickel electrode in relation to the cell state of charge. Reference 4 shows
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TABLE 4-1.—Thermodynamic Data for Nickel-Cadmium Cells With 329,
KOH Electrolyte

AH

AF

dE/dT

Units keal/equiv keal/equiv V/°K cal/ °I‘{S equiv Ref.
Cd electrode._ ... ab—9227 +—-208 | —1.4%10 b— 6.45 4
Ni electrode. _. ab_— 875 s 8.2 —0.4Xx10—4 b— 1.84 4
—1.8X10~ b 829 4
Total cell_ __ sb_31.45 s —29.0 —2.3X10™4 5-12.0 3
c— 9.95 9
Total cell___ —33.15 2204 | e 6
Total cell. __ —330 | L 11
Total cell___ —82.2 || } 10

—83.7 e e e

s Computed from the emf measurements and activity coefficients of KOH.

b Computed from dE/dT measurements.

¢ 8 of NiOOH estimated by the contribution of ions to entropy (Dulong and Petit
method).

measurements of emf at half charge totally immersed in various con-
centrations of an electrolyte. Reference 6 measures the emf of a fully
charged electrode at 43.3° C (110° F), as a function of time during which
the emf decayed. The table below shows the emf of nickel-cadmium
cells (329 KOH electrolyte). The E versus log { lines were extrapo-
lated to an arbitrary time point. The quantity of electrolyte in each
cell was not reported. -

emf Ref.
1,270 e 6
1255 o iimeean. 4

Infrared spectroscopic data (ref. 5) show the discharged form to be
Ni(OH), with a small amount of water in the crystal lattice. The charg-
ing process produces an unidentified hydrogen-bonded structure, which
has greater Ni-O symmetry than Ni(OH),. Although discrete mixtures
of compounds were observed, no solid solutions were found.

Excellent summaries of the extensive work on the reactions of the
alkaline nickel electrode are found in references 4 and 5, with references
to the most significant work. The work summarized in references 5, 6,
and 7 proposes more complex reaction mechanisms; this indicates the
existence of several nickel oxides in the charged state, and also suggests
the formation of compounds with the electrolyte (ref. 8).

Thermodynamic data for the charge-discharge reaction of nickel-
cadmium cells are summarized in table 4-I (refs. 3, 4, 6, 9, 10, and 11).

Gas EvoLuTioN AND RECOMBINATION

A number of electrode reactions involving the evolution of gases can
oceur in a nickel-cadmium cell.

At the nickel electrode, the following overcharge reaction ocecurs in
cells which are positive limited. (The capacity of the cadmium electrode
exceeds that of the nickel electrode.)

40H =0,+2H,0+4¢
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After charge has been terminated, gas evolution continues by decomposi-
tinn of the active material ‘

2NiOOH+2H,0=2Ni(0OH),+0,
increasing in rate as the temperature rises. This process continues at
measurable rates until the cell is totally discharged. At the cadmium
electrode or auxiliary electrodes in a charging cell
0,+2H,0=40H"
After charge termination
2Cd+2H,0+490,=2Cd(0H),
recombining oxygen on open circuit.
The presence of nitrates induces the ‘‘nitrogen shuttle’” eycle of cell
self-discharge.
NO, +H,0+Cd=NO, +Cd(OH),
NO, +3Cd+5H,0—NH,+43Cd(OH),+0RH"
NH,+6NiOOH+H,0+0H —6Ni(OH),+NO,”

This continues until the cell is totally discharged, or until the ammonia

is deactivated by the alternate reaction
2NH,+6NiOOH=N,+6Ni(OH),

leaving a permanent nitrogen pressure within the cell. Since the proe-

esses involved in forming the electrodes usually use the nitrates of

nickel and cadmium as the sources of active materials, it is necessary to

reduce the nitrogen content of the electrodes to an absolute minimum.

If the capacity of the positive electrode exceeds that of the negative
and the cell becomes negative limiting, hydrogen can evolve at the
negative electrode during overcharge.

2H,04+2¢ =H,+20H"

In the absence of catalytic recombination devices, this reaction is almost
irreversible, and a long-lasting internal pressure results. Cells manu-
factured with an excess negative capacity may become negative limiting
after extended cyecling, or after extended periods on the shelf because of
the loss of active surface at the negative electrode. Such behavior gener-
ally results from a growth in size of the cadmium hydroxide crystals,
which reduces the true surface area of the negative-electrode active
material. Oxygen lost from the cell through a microscopic leak can also
cause a cell unbalance.

If current is forced through the cell in the discharge direction after the
cell is completely discharged, the potential of the cell will reverse and the
cell is overdischarged. Hydrogen, oxygen, or both, can be evolved
during overdischarge. At the nickel electrode

2H,0+4+2¢ =H,+20H"
and at the cadmium electrode
40H =0,+2H,0+4e¢
oxygen may recombine in subsequent charging processes, but hydrogen

cannot recombine at useful rates without a catalyst. The above gas-
evolution reactions can significantly affect cell performance.
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The oxygen-evolution rate at the positive electrode during charge is
controlled by the current associated with the oxygen-evolution reaction.
During the early stages of charge, little or no oxygen evolves. As the cell
approaches full charge, its potential rises and the rate of oxygen evolution
increases exponentially with rising potential. Unfortunately, at higher
states of charge, the O, evolution reaction may become preferential to
the charging reaction (ref. 12) because there is not enough uncharged
active material to accept the charge. Figure 4-1 shows the relationship
between the oxygen-evolution and charge-reaction rates at room tem-
perature (25° C) (ref. 12). Since the oxygen-evolution reaction is more
temperature sensitive than the charge reaction, oxygen evolution begins
at earlier states of charge as the temperature increases (ref. 13).

.48

E.M,F. (VOLTS vs Hg/Hg0)

e R e e
-
3=
E:
~N

-4 -3 -2
LOG g [CURRENT DENSITY] (ampg™")

0

Ficure 4-1.—Relationship between
O: evolution and charge reaction
rates.

The oxygen-recombination rate is controlled by the availability of
reaction sites and by the ability of the gas to penetrate to the cadmium
electrode. Flooding the electrodes reduces the recombination rate
below usable levels. Consequently, rigid control of electrolyte content
is essential and should be specified. Cell operation on continuous over-
charge at high rates is believed to have adverse effects upon service life,
and is not recommended even at steady-state pressures well within the
tolerable level. Carson (ref. 14) suggests that the loss in service due to
overcharge is proportional to the integral of an undefined overcharge
rate function.

Gas evolution due to overdischarge and the prevention of overdis-
charge are discussed in the sections on battery-operating control.

Errecrs oF AppITIvEs UPoN ELECTRODE PERFORMANCE

Carson (ref. 15) studied the addition of various forms of spinels to the
nickel-hydroxide electrode in an effort to improve reversibility and
increase working potentials. The charged nickel electrode can decompose
in the presence of the peroxyl ion by the following reaction:

2NiOOH+H,0+HO0, = 0,+2Ni(OH),+0H"
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Since the potential of the peroxyl radical is lower than that of the nickel
electrode, peroxyl is readily formed. The reaction is autocatalytic;
traces of peroxyl increase the peroxyl formation rate at the nickel-
electrode surface. Spinels act as decomposition catalysts for the peroxyl
radical by reducing the concentration of peroxyl and blocking its further
formation. Cobalt additions improve charge retention and capacity, but
have no appreciable effect upon reversibility. Scandium additions of
20 atom-percent improve the reversibility by approximately 35 millivolts,
and raise the midpoint charge and discharge voltages. This advantage
is offset, however, by a loss in utilization efficiency of 30 to 40 percent,
leading to a lower-than-normal capacity-to-weight ratio. Ten percent
didymium additions had no effeet upon reversibility, but produced un-
explained increases in utilization efficiency which provided high capac-
ities in a single impregnation. This effect was not observed in multiply
impregnated electrodes and was not investigated further. The remaining
materials produced either negligible or detrimental effects. Table 4-11,
taken from reference 15, shows the C/3 rate performance of the various
additive-containing electrodes. Tests at other charge and discharge
rates parallel the results in this table.

Ritterman et al. (ref. 16) studied the addition of Li, Na, Be, Mg, Co,
and Mn to the nickel electrodes in 5, 10, and 20 atom-percent quantities
in an attempt to improve charge retention. Of the materials tested, only
cobalt and manganese showed significant improvement in charge reten-
tion. Manganese additions decreased charge acceptance, whereas
cobalt ‘was observed to improve capacity approximately 14 percent after
a 7-day stand at 65° C.

MATERIALS AND METHODS OF CONSTRUCTION

The general structure of sealed nickel-cadmium cells and batteries is
described in chapter 2. Several variations in structure may be found in
cells from different manufacturers, and in different product lines. Both
the nickel and the cadmium electrode are fabricated by most manufac-
turers in much the same way. Finely divided nickel powder, produced by
the thermal decomposition of nickel carbonyl (a vaporizable compound
which decomposes from the vapor state at elevated temperatures forming
spherical particles of nickel metal), is spread evenly over a current
collector grid of nickel or nickel-plated steel, and is sintered in place at a
temperature just below the melting point of nickel. A plaque is formed
and coined to prevent shorting by strengthening the edges and the place
where the current collector tab emerges from the plaque. When finished,
the plaque has a porosity between 60 and 80 percent. Immersion in an
aqueous solution of the appropriate metal nitrate (nickel nitrate for the
positive electrode, cadmium nitrate for the negative) impregnates the
finished plaque with active materials. Immersion in a solution of sodium
hydroxide in the presence of a polarizing current precipitates the hy-
droxides. Electrolysis of the electrode in sodium hydroxide solution
decomposes nitrates. Ammonia evolves in the process. The impreg-
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TasLE 4-11.—Effect of Nickel-Electrode Additives Upon Utilization Factors

and Reversibility; C/8 Cycling Tests

Utili- Midpoint voltage versus
Code Name zation Hg—HGO Difference
- Charge Discharge
Ao Nones____ ... ____ 0.81 0.470 0.370 0.100
B__..__ 10Co. .. . . .76 .460 .350 110
20Co oo .76 .440 340 .100
Co..._. 108e ... _. .53 .490 .380 110
158c_ L ... .45 .490 410 .080
208e_ oo 42 490 .440 050
D..__.. 0Mg._____________ .79 .490 400 .090
20Mg____________ .58 .490 .400 .090
E .. I0Mu...___...___. .68 445 .320 125
Fo___... 10Ce._._._____ .84 470 .375 .095
G...___. 10Fe_____________. .40 480 .370 110
H..____ 100Cr .. ___. .78 470 .380 .090
) 100A . .70 470 .390 .080
20Al. /.. .96 .460 .370 .090
Jom 10Di. .. __..____. 2.10 .490 .380 110
K. .. 100Ln.._ ... ____. 57 .470 .360 110
Lo...... 10Mo_._.___.____. .66 .480 .380 .100
20Mo- ... 74 470 .380 .100
M_._._. 100VO_ ... 1.25 .460 .360 .100
N.oo_... 10Y_ . 74 .460 .360 .100
207 . .70 .480 .370 110
O ... 10Co Al ____.____. .89 .460 .370 .090
20Co Al _________. .95 440 .350 .090
P 100AgMo._.__.____. .51 .420 .350 .070
Q- .. 100Cd Zr.____._____ .88 470 .360 110
Ro..__. 1I0Mg Al _____ .67 470 .375 .095
20Mg Al _________ .69 .490 .390 .100
S 10s.. ... .92 .480 .360 120
T...._. 1Rh..__________. .39 .510 .420 .090
U.o._.. 1Pd__ . .89 .460 .360 .100
Voo 1Pt 1.10 470 370 .100
W.._._.. 1TRub. | e
X o 10 CoMo X=_______ .84 .480 .380 .100
Y. __. W0CuWXe _______ .74 .460 .360 .100
Z ... 10Zn TiXe .. ._. 72 .500 .400 .100
AA .. 10 Co Al Xe________ .92 .470 .360 .110
AB____ | 10Mg Al Xe . _____ 91 425 .380 .095
AC__... 10Li Al Xe _______ .91 .490 .380 110
AD_____ 10Cd Zr Xe________ 1.20 .480 .380 .100
AE.___. 10CoCrXe________ .85 .480 .380 .100
AF_____ 10ScRd____________ .50 470 .380 .090
AG____. 158cRe___ . _____. .51 470 .390 .080
AH____. 208cRI___ . ______ .52 480 .430 .050
Al . 10Ga__ ... ______ 1.04 .460 .360 100
AJ____. 1IR® ... 1.14 460 .350 110

aStandard electrode for comparison.

bNot run because of severe degradation of electrode plaque.

°Preformed spinels added as fine powder to nickel nitrate impregnation solution.
dRerun of this additive,
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nation process is repeated several times until the correct amount of active
materials is loaded into the plate. The electrodes are carefully washed,
dried, and set aside for assembly.

McCallum et al. investigated a process for increasing the internal
surface area of the electrode current collectors, using electroformed
nickel grids of microseopic-pore dimensions, stacked and heat bonded to
form electrodes with controlled pore shape and size (ref. 17). This
process has the major advantage of producing electrodes considerably
thinner than the commercial sintered plaques, yielding electrodes of
improved high-rate performance when using straight-through pore
configurations. MecCallum also developed a new method of impregnating
the electroformed negative electrodes, utilizing molten salts rather than
aqueous solutions, and permitting the use of two-step impregnation rather
than the usual four. The advantages of this were offset by the need for
several formation cycles to bring the electrode to its optimum working
‘efficiency.

The immediate value of this work lies in the higher operating currents
obtainable through the use of the electrode structure. Most aerospace
applications, however, are capacity limited rather than eurrent limited,
and this electrode structure has no capacity advantages.

SEPARATOR MATERIALS

Early nickel-cadmium cells were manufactured with a combined
separator-absorbent made of a felted or nonwoven cellulose fabric with
excellent absorbent properties. These cells proved to be limited in
service life because of the relatively rapid deterioration of cellulose in an
alkaline oxidizing environment (ref. 18).

Efforts to improve separator materials led to programs for screening
separator materials for chemical inertness, absorbency, conductivity,
mechanical strength, and other significant properties, followed by cell
construction and electrical performance evaluation of the resulting cells.
Of the more than 50 materials tested, unwoven nylon provided adequate
chemical inertness and good electrical characteristics, with nonwoven
polypropylene a close second. Voyentzie (ref. 19) investigated a series
of inert separator materials with surface characteristics modified by
radiation grafting of reactive compounds. In this way, it was hoped to
improve the wetting and absorbency properties of the separator materials,
and to induce ion-exchange properties. None of the materials tested
showed a distinct advantage over the nonwoven polypropylene used in
the control cells.

SEALS

A tight seal is vitally important to the nickel-cadmium battery because
of the tendency of the cell to unbalance if oxygen generated during over-
charge escapes. If this oceurs, the balance between negative and
positive electrodes changes, and the negative electrode eventually becomes
the limiting electrode. At this point, instead of the cell generating
oxygen at the positive electrode and recombining at the negative, a
burst of hydrogen gas is given off each time the cell reaches full charge,
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and pressure builds up. . Whether or not the pressure becomes destructive
depends upon the size of the leak. Nickel-cadmium cells use both the
glass-to-metal and the ceramic-to-metal seal. An excellent discussion of
the technology of both glass-to-metal and ceramic-to-metal seals is given
in reference 20, including a discussion of the stresses involved in the
formation of seals and the effects of thermal gradients upon seal perform-
ance in vacuum tubes.

While the details of the ceramic-to-metal seals are proprietary to the
cell or seal manufacturer, all of those currently used depend upon an
active alloy seal like that described by Kohl (ref. 20). This involves
sensitizing a ceramic body with a titanium or zirconium compound,
forming a solid solution with the ceramic at high temperatures. Titanium
or zirconium is applied as the hydride suspended in a nitrocellulose
lacquer, which is brushed onto the ceramic. When heated in the presence
of the brazing alloy, the hydride dissociates and the metal enters into a
chemical reaction with the ceramic, simultaneously leaving a clean
metallic surface with which the brazing metal can alloy.

Both glass-to-metal and ceramic-to-metal seals present problems.
Sealing glasses are attacked by strong alkalis, and silver brazes used in
ceramic-to-metal seals are corroded by the electrolytic action of the cell
potential through the electrolyte, resulting in premature failures. Im-
properly designed seals, without sufficient stress relief, may be unable to
bear the mechanical loads imposed upon them by the development of
internal gas pressures. Seal failure modes are discussed in the section
under ‘“Failure Modes.”

Voyentzie (ref. 19) reports testing 16 materials for ceramic-to-metal
and glass-to-metal seals, and selecting 96 percent alumina as the material
with the greatest resistance to attack by KOH solutions. Silver brazing
alloy was superior to a previously used 82 percent gold—18 percent nickel
brazing alloy because of the greater ductility of silver., Leak rates of less
than 10~? ce/yr of air are claimed for both glass-to-metal and ceramic-to-
metal seals.

Other types of seals have been proposed or are being investigated, but
reports are not available. These include bonded rubber and neoprene
seals and graded cermets.

OPERATING CHARACTERISTICS

It is difficult to predict accurately the electrical properties of the
nickel-cadmium cell. To a great extent, the problems involved are
inherent in the nature of the chemical system, whose properties vary with
the history of the cell in the cycles of operation immediately preceding
the measurement being taken. This variability isreal, and is based upon
the properties of the electrodes.

The negative electrode functions during discharge by dissolving the
cadmium metal, and reprecipitating cadmium hydroxide as fine erystal-
lites in the pores of the electrode plaque. Similarly, during charge,
cadmium hydroxide dissolves and is redeposited at the electrode surface



78 BATTERIES FOR SPACE POWER SYSTEMS

as cadmium metal. The size of the deposited crystallites depends upon
the conditions of deposition: high currents and low temperatures give a
finely divided deposit; low currents and high temperatures give a coarser
deposit of larger crystals. The discharge characteristics of the negative
electrode depend upon the microscopic surface area of the electrode-active
materials. As the charging current and temperature change, the char-
acteristics of the subsequent discharge voltage curves vary, even though
the state of charge and the discharge conditions are the same. Thus, a
battery charged at high temperature, when cooled and discharged, delivers
a lower output-voltage discharge wave than the same battery charged at
low temperature and discharged under the same conditions. Similarly,a
cell discharged under conditions conducive to formation of low surface-
area deposits (low current and high temperature) charges at a higher
potential than the same cell discharged in another way.

The positive electrode is also unpredictable in behavior, depending
upon the temperature and the current at which it is charged. Unlike
most battery electrodes, the nickel hydroxide electrode undergoes oxida-
tion and reduction in the solid state; the reaction occurs preferentially at
the surface and diffuses inward. Therefore, the surface composition,
which determines the electrode potential, differs from the interior com-
position.  The degree of difference is controlled by the difference between
rates of oxidation (controlled solely by the current) and of diffusion
(controlled solely by the temperature). As a result, the capacity, or state
of charge, of the electrode is not a single-valued function of electrode
potential. Variations in electrode potential greater than those expe-
rienced at end of charge can occur because of the above phenomena.

While these phenomena have been observed qualitatively, no specific
data have come to light adequately describing all of these effects or
detailing the variables significantly affecting cell performance.

Because of the multiplicity of chemical reactions going on within the
nickel-cadmium cell, often simultaneously, the variables influencing the
cell’s electrical characteristics are inseparable from one another. Ignor-
ing the effects of age and cycle life, the discharge curve of a new cell
depends upon temperature, charge mode, efficiency, discharge current,
capacity, and state of charge at the beginning and the end of discharge.
As a result, although the individual properties of the cell are discussed in
separate paragraphs, an understanding of the interdependency of the
various factors is essential to the prediction of cell performance. For this
purpose, a set of arbitrary definitions is essential for semantic clarity.

DEFINITIONS

The standard capacity of a cell is defined as the measured ampere-hour
output of a cell under an arbitrarily defined set of standard conditions.
This text uses the following standard conditions for measuring capacity:

Discharge temperature.______________._.___ 25° C.
Discharge current.....___.. .. ____________ Rated capacity/5.
End-of-discharge voltage. ... ... _...__.___. 1.000 volt (at the cell terminals).

State of charge at start of discharge__.____ 100 percent.
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The rated capacity of a cell is that capacity in ampere-hours assigned
by the manufacturer as the nominal or nameplate capacity.

The inherent capacity of a cell under a specific set of discharge con-
ditions (different from the standard conditions) is the output of the cell
in ampere-hours to an end-of-discharge voltage of 1.000 volt, and starting
from a 100-percent state of charge.

The measured capacity of a cell is the output of the cell in ampere-hours
to an end-of-discharge voltage of 1.000 volt.

The state of charge of a cell is the fractional ampere-hour capacity
remaining in the cell under standard discharge conditions. (It is arbi-
trarily assumed that the standard charge preceding the standard discharge
brings the cell to a 100-percent state of charge, and that, at the end of
the standard discharge, the cell is at 0 percent state of charge.)

The charging efficiency is that fraction of the instantaneous charge
current being used to charge the cell (as contrasted with the current which
may have been diverted to other chemical reactions simultaneously taking
place within the cell).

The relative state of charge is the fraction of ampere-hour ecapacity
remaining in the cell, relative to that at the beginning of discharge.

DiscHARGE CHARACTERISTICS

The discharge characteristics of nickel-cadmium cells have been widely
measured and reported with varying accuracy and completeness. A
typical set of constant-current-discharge curves is shown in figure 4-2.
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Fieure 4-2.—Typical discharge characteristics of
20-A-h sealed rectangular nickel-cadmium cell at
75° F. Normalized current (I/C) as additional
variable.

These show a great similarity to the generalized or idealized curves shown
in chapter 2, the major difference being a significant and measurable
slope of the plateau region of the nickel-cadmium discharge curve.

The current-voltage relationship of the nickel-cadmium cell is approxi-
mately linear in the range of values measured. Figures 4-3, 44, and 4-5
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Figure 4-3.—Family of normalized current-voltage
lines with state of charge as a third variable (59° F).

show a family of normalized current voltage lines with state of charge
as a third variable based upon data taken at TRW on 20-A-h cells held at
constant exterior temperature in a circulating oil bath. Other data were
reduced, but they are not shown here because the assumptions required
for their reduction make them of limited validity.

If it is assumed, based upon the above data, that the voltage-current
relationship is linear within the normal range of interest, the data taken
by NAD Crane (refs. 21-29) may be plotted on a similar linear scale,
and the characteristics of a wide variety of cells may be established over
a fairly wide range of conditions. The data were taken in this testing
program at only two discharge rates. Consequently, no information can
be derived regarding the conformance of these data to the linear relation-
ship proposed. Reference 30 shows polarization curves that are linear in
the range of C/3 to 2.5C, but depart from linearity at lower currents.
Linearity is achieved by extrapolation of the plateau of the discharge
curve back to the zero intercept E*, averaging the plateau voltage, E,
and plotting E*—FE versus log I. This presentation, however, is not
directly useful for calculation of discharge curves under complex load
conditions.
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Typical current-voltage curves derived from portions of the NAD
Crane data are shown in figures 4-6 through 4-8 with state of charge and
temperature as additional variables. Reduction of these data requires a
number of assumptions. Firstly, it is assumed that the inherent capacity
of the cell does not differ from the standard capacity under all conditions.

0.7 1 T I 1
NORMALIZED DISCHARGE CURRENT AS A
FUNCTION OF VOLTAGE FOR 12 A~H
GENERAL ELECTRIC CELLS AT 0°C
0.6 RELATIVE STATE OF CHARGE AS A THIRD
VARIABLE
AVERAGE OF 5 MEASUREMENTS
(REF. 74}
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Figure 4-6.—Curves derived from portions of the NAD
Crane data.

(See “Definitions,” above.) Secondly, it is assumed that the loss of
capacity at the high-temperature discharge is due entirely to the lower
charging efficiency at elevated temperatures, so that the state of charge
of the cell at the beginning of discharge is a fraction equal to the
measured capacity divided by the standard capacity. At the low
temperatures, it is assumed that the state of charge at the beginning of
discharge is 100 percent (not an unreasonable assumption with the
charge-control method used), and that the loss in capacity shown is due
to the incompleteness of discharge alone, rather than to any difference
‘between standard capacity and inherent capacity. These assumptions
establish a basis for estimating the nickel-cadmium-cell state of charge
at each point on the discharge curve, since it is not necessarily true that
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Fieure 4-7.—Curves derived from portions of the NAD
Crane data.

the cell is fully charged at the end of charge or fully discharged at the
end of discharge.

An examination of the current-voltage curves produced by reduction
of the NAD Crane data shows several general characteristics. Data are
more widely scattered than the TRW characteristics data, or the manu-
facturer’s data, probably because of uncertainty in the temperature of the
cells. (Only the environmental temperatures are reported.) Cell tem-
peratures are not reported except as maxima during a group of cycles and
these are of doubtful accuracy due to the measurement method used.
Scatter of the data is widest at the beginning and end of discharge, and
smallest about the midpoint. This probably results from the negligible
temperature coefficient of voltage in the neighborhood of the discharge
midpoint which was observed in nickel-cadmium cells (ref. 31) and to the
variability of the cells in capacity. Considerable uncertainty exists
regarding the state of charge of the measured cell because of the combined
lack of temperature control, efficiency data, and charge current data.
This necessitates using the preceding set of assumptions to estimate the
cell’s state of charge. The result of these combined uncertainties makes
the reported data questionable for prediction of operating characteristics
in other cycles by extrapolation or -interpolation.



84 BATTERIES FOR SPACE POWER SYSTEMS

0.9
2 ¥R 8
g £ g% 8
0.8 —
0.7

2
o

NORMALIZED CURRENT, (1/C)
o
wn

e
™

0.3

NORMALIZED DISCHARGE CURRENT DENSITY
AS A FUNCTION OF VOLTAGE FOR 12 A-H
GENERAL ELECTRIC CELLS AT 50°C

0.2 RELATIVE STATE OF CHARGE AS A THIRD
’ VARIABLE

AVERAGE OF 5 MEASUREMENTS
(REF. 29)

o1 I I |
“1.06 1.14 1.22 1.30 1.38 1.46

VOLTAGE (YOLTS)

FiGure 4-8.—Curves derived from portions of the
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The TRW data are somewhat more precise, although considerable
uncertainty exists regarding the state of charge of the cell, and no infor-
mation is available regarding the voltage-temperature coefficient at points
along the curve other than the midpoint.

OVERCHARGE CHARACTERISTICS

During overcharge, little or no input energy is stored, and essentially
all input is converted to heat. Under these conditions, electrical charac-
teristies of the cells are different than during active charging; i.e., during
the charging phase where a large fraction of input energy is stored.

Most data available for overcharge behavior have been taken from
measurements of overcharge current as a funection of cell voltage and
temperature on individual cells or small packs of cells, rather than on
full-scale batteries. Data from different sources conflict because special
precautions are usually not taken to induce uniform behavior within eell
groups, different methods of controlling temperature are used for different
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tests, and different charge methods are used. The last two factors are
the most probable sources of variation. The behavior of a cell is a
function of the average internal cell temperature; at a given voltage, a
10° F change in internal temperature in the region of 80° F produces
approximately a 100-percent change in overcharge current. The internal
cell temperature is seldom measured -directly; instead, the cell-case
temperature or the ambient temperature is measured and/or controlled.
When temperature is so measured, incorrect assumptions may be made
about the relationship of the measured temperature to the true average
cell temperature.
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. F1gorRe 4-9.—Overcharge performance data for
Gulton 20-A-h cells.

Overcharge performance data for Gulton nickel-cadmium cells have
been taken by Gulton and by TRW on various in-house studies. The
Gulton data were obtained on 20-A-h cells, using forced air as a temper-
ature medium. Temperatures shown on Gulton plots are cell-case
temperatures measured by attaching thermocouples to the cell case.
The cells were charged at the C/10 rate (2 amperes) for 24 hours prior
to the overcharge measurements. TRW data and smoothed Gulton data
are shown in figure 4-9.

Most overcharge data generated at TRW (ref. 31) derive from tests
charging the cells by a modified constant-potential method, rather than
by the constant-current method Gulton used. The temperature of the
cells was controlled in forced air ovens, and the cell-case temperature
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measured by attaching thermocouples to the cell case. Both the slopes
of the lines and the overcharge current values at a given voltage and
temperature differ considerably in the two sources. TRW currents are
generally higher than Gulton’s in the range from 60° to 90° F. The
TRW tests may not have run long enough to reach the true overcharge
current level, or the overcharge current basically differs for different
charge methods, or for variations in cell manufacture. At the present
time, it is not possible to evaluate the relative accuracy of the two data
sources.

The temperature sensitivity of the overcharge measurements may be
determined by crossplotting the log I versus £ curves at constant current
for various temperatures. At 75° F and higher, and at a current of
C/10, the TRW data show a slope of 1 mV/°F, while the Gulton data
show a slope of 2 mV/°F. Below 75° F, the characteristic is nonlinear.

NAD Crane took overcharge data measurements (refs. 21 to 29), on
different cells from several manufacturers, but left cell environment
uncontrolled, and only reported cell temperatures above 80° C, making
the analysis of the independent effects of temperature and current
impossitle. The resulting voltage curves fluctuate widely, probably
because of environmental fluctuations and internally generated heat.
Cell temperatures vary from the reported environmental temperature as
much as 50° C. Consequently, the sole value of the data reported is in
giving assurance that the cell survived the conditions to which it was
exposed.

CaracIiTy

The measured capacity available from a nickel-cadmium battery
depends greatly upon the manner of operating the battery. Loss of
measured capacity may result from one or from a combination of factors.

If the battery is fully charged and is discharged at a higher eurrent or
a lower temperature than that of the capacity measurement standard,
inereased polarization causes the terminal voltage to reach the minimum
acceptable level (cutoff) sooner. In these circumstances, the residual
capacity is still in the battery and may be withdrawn without further
charging by reducing the current or raising the temperature. The
capacity is not lost, but operating conditions demand the application of
a derating factor. If the battery is charged at a lower current, a higher
temperature, or a shorter time than those of the measurement standard
procedure, an apparent loss in measured capacity occurs. In effect,
reduced efficiency at low currents and high temperatures causes a lower
time integral of the product of charge current and efficiency than measure-
ment standard, and results in an apparent loss in eapacity. Actually,
the inherent capacity of the battery is unchanged; the charge-control
system has failed to recharge the battery to full capacity. In addition,
the combined conditions of a low charging current and a high temperature
tend toward the formation of lower surface area crystallites, which, on
subsequent, discharge, increase polarization and cause further losses in
measured capacity. To some extent, the effects of an increase in
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temperature may be overcome by increasing the charge current, thereby
increasing efficiency and decreasing crystallite size. Similarly, the
effects of a decrease in charging current may be partially offset by a
decrease in the operating temperature. Once the efficiency of con-
version from electrical to chemical energy has decreased to zero, however,
charging for longer periods of time cannot overcome the charging
efficiency losses due to decreases in current or to rise in temperature.
Failure to charge a battery completely may also occur when the charge-
control logie is unrepresentative of actual battery performance.

Typical data on fresh-battery capacity shows a broad peak about room
temperature, with a loss in capacity at both low and high temperature.
The extent of this capacity rolloff at temperature extremes depends upon
the specific operating conditions. Lower discharge currents raise the
low-temperature end of the curve, while higher charge currents raise the
high-temperature end of the curve (fig. 4-10). The capacity available
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Ficure 4-10.—Available capacity versus tem-
perature (7-amp discharge), Gulton 20-A-h
cells, modified constant potential charge
mode.

from a nickel-cadmium cell also depends upon the method used for
charge control. At low temperatures, for example, the amount of
electrical energy a battery takes up at constant current before reaching
the maximum tolerable voltage may be considerably less than the amount
necessary for recharge. Under these circumstances, charging must
continue at a lower current (either by step changes or by limiting the
applied potential) to achieve the fully charged state. In applications
such as the low-level orbits, insufficient time is available for completion
of charge, and the capacity of the battery must be derated at the low
temperatures.

For the most part, the available capacity data make no distinction
between the inherent capacity of a cell under specific operating conditions
and the measured capacity under the same set of conditions. Failure of
the system to charge or discharge the cell or battery completely affects
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the measured capacity. Because the battery’s eleetrical and thermal
characteristics depend upon the battery state of charge, prediction of the
performance characteristics without the state-of-charge information leads
to confusion. As a specific example, a nickel-cadmium cell, having a
capacity which is limited by the positive electrode, and operating under
typical charge control at a temperature of -100° F and with a low-to-
moderate charge current, may reach a charge efficiency of zero at a 60-
percent state of charge (60 percent of the positive-electrode active
materials are in the charged state, 40 percent are in the discharged state).
The capacity is 60 percent of the standard measured capacity. At the
start of discharge, however, the cell is already 40 percent discharged, and
its electrical characteristics best compare with those of a cell discharging
from 60 percent to the final required depth of discharge. NAD Crane
reports measured capacity data as a function of the temperature of the
testing environment but does not report cell-temperature data.

EFFICIENCY

Bauer and Sparks reported ampere-hour efficiencies of nickel-cadmium
cells (ref. 31) for 20-A-h and 12-A-h cells, and NAD Crane reported
the ampere-hour efficiencies for cells of various sizes from different
manufacturers (refs. 21 to 29, and 32). Watt-hour efficiencies are the
product of ampere-hour efficiencies and the discharge/charge voltage
ratio. Both cases used modified constant-potential charging, but
applied different voltage-limit settings. Efficiency data are obtained
from a series of partial charges and discharges of varying depth, starting
with a fully discharged cell and plotting the ampere-hour output against
the ampere-hour input (ref. 31) or against charging time (NAD Crane).
Bauer and Sparks went one step further by assuming that the curve ran
through the origin (no output for no input) and measuring the slope of the
input-versus-output curve at intervals. A slope of 1 indicates 100 per-
cent efficiency; a slope of zero indicates 0 percent efficiency. When the
Crane data are handled in a similar manner, the results are not always
consistent internally. Figure 4-11 shows a typical NAD Crane input-
versus-output curve. Even ignoring the extrapolated portion of the
curve, the results are not consistent with known heat-evolution rate data,
oxygen-evolution rate data, and other efficiency data, nor are efficiencies
of greater than 100 percent theoretically achievable. The appearance of
the inflection resulting in these discrepancies is fairly common in the
Crane data. A partial explanation is the wide discrepancy between the
temperatures of the cells and the reported environmental temperature,
and probable inaccuracies in the measurement of the end-of-discharge
voltage cutoff.

Carson (ref. 14) reports the variation of the rate of evolution of oxygen
from the positive electrodes as a function of state of charge. Since the
oxygen-evolution reaction is the principal, if not the only, cause of
ampere-hour efficiency loss in nickel-cadmium cells, the curve is an
inverted image of the efficiency curves. The conversion efficiency of the
cell approaches 100 percent during the early states of charge, when oxygen
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Ficure 4-11.—Typical NAD Crane input-
output curve for a 12-A-h nickel-cadmium
cell extrapolated back to the origin. Effi-
ciencies (1) computed from the slope of
the curve (ref. 31).

evolution is not significant in rate. As the cell approaches full charge,
the oxygen evolution-recombination cycle takes over and the efficiency
approaches zero. Ampere-hour efficiency rises with increasing charge
current and decreasing temperatures, provided that the cell-terminal
voltages do not exceed the level at which evolution of hydrogen from the
negative electrode occurs.

Figures 4-12 through 4-15 show ampere-hour efficiencies of nickel-
cadmium cells as a function of state of charge, with temperature and
charge rate as additional variables. These data were derived from
measurements on the OGO cells (ref. 31) and from unpublished measure-
ments taken by Grumman Aircraft and by TRW Systems, in connection
with OAO and other programs. The data have been smoothed, and are
based upon cycling the cell to 100 percent depth of discharge. There are
currently insufficient data for an efficiency determination at lesser depths
of discharge; however, there are indications that the decreasing depth of
discharge sharpens the knee of the efficiency curves and increases the
overall efficiency. There also appears to be justification for the belief
that the efficiency of charge at a low rate is increased if the early stages
of charge are performed at a high rate. Thus, the use of these efficiency
data in design will result in conservative estimates of the state of charge.

IMPEDANCE

Battery dynamic impedance is of critical importance in the design of
compact electric-power systems. If the impedance characteristics are
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Figure 4-14.—Ampere-hour efficiencies of nickel-cadmium cells as a
function of state of charge, with temperature and charge rate as addi-
tional variables.

known, the battery may be used as a filter for the power subsystem. In
addition, impedance measurements are useful in detecting potential
battery-cell failures.

Brodd and DeWane (ref. 3) measured the ac impedances of nickel-
cadmium cylindrical and button cells, using a capacitance bridge, and
reported the results in the form of Argand diagrams (plot of reactance
versus resistance). These results did not agree completely with theoret-
ical predictions from electrode kinetics (ref. 33), the deviations being
interpreted as resulting from interference by physical factors. In
general, the results indicate a decreasing resistive and capacitive reactance
as a function of increasing frequency, until reaching a frequency at which
the reactance approaches zero. At this point, a net inductive reactance
appears and resistance again increases. Impedance increased suddenly
at end of discharge. Bauer and Sparks (ref. 31) measured alternating
current impedance as a function of frequency and found slight indications
of a decrease in open-circuit impedance with increasing frequency in the



92 BATTERIES FOR SPACE POWER SYSTEMS

to LISt ER st It

3 IR IR I SR BERIH

i INSTANTANEOUS EFFICIENCY O

SR HERMETICALLY SEALED NICKEL~
ﬁ%% CADMIUM CELLS AS A FUNCTION

; A
-5 i
Hien e e

]

EFFICIENCY ny (%)

STATE OF CHARGE (Q) (% OF NAMEPLATE CAPACITY)

Figure 4-15.—Ampere-hour efficiencies of nickel-cadmium
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lower frequency range. The magnitude of the measured impedance,
however, in relation to the capacity of the cell, is an order of magnitude
higher than expected if the electrode processes were the controlling factor.
It seems probable, therefore, that the ohmic resistances of the current
conductors and electrolyte overshadow the electrode processes in the
larger size prismatic cells. Figure 4-16 shows the measurements of im-
pedance as a function of frequency on open circuit and during charge and
discharge. NAD Crane measured the impedance of nickel-cadmium cells
by measuring potential 5 milliseconds after a step change in current
(galvanostatic method) (refs. 21 t0 29). These data are plotted, showing
the relationship of impedance to capacity (fig. 4-17, refs. 34 to 37). To
minimize the effects of scatter in the data, averages of five impedance
values are plotted.

The NAD Crane data show an increase in cell impedance with in-
creasing size in cylindrical cells, in contrast with Brodd and DeWane's
(fig. 4-18) decrease in impedance with inecreasing size. The data are
scattered, possibly because of variations in structure of the cells from
different manufacturers.

Gulton Industries reported additional impedance data in their cell
characteristics data sheets (fig. 4-17), measured by the galvanostatic
method.
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Ficure 4-18.—Impedance of button nickel-cadmium
cells versus capacity at 1 kHz.

Variation of impedance due to changes in temperature is reported by
Brodd and DeWane, who found significant increases in cell impedance
with increasing temperature. Increases in cell resistance tend to over-
shadow those in capacitive reactance.

An overall qualitative interpretation of the available data suggests
that in the small, simply structured, button cell, having a low-inductance
configuration, the bulk resistivity of the electrolyte and the kineties of
the electrodes control the impedances at low frequency. As cell structure
changes to the spiral or prismatic configuration, and simultaneously
increases in surface area, the contribution of the electrode kineties to
impedance becomes less significant, and that of the inductance and
electrical resistivity of the internal conductors and current collectors
becomes the overriding factor in determining impedance. The increase
in impedance with increasing capacity shown by the Crane data on
cylindrical cells (fig. 4-19, refs. 38 to 44) has not been explained.
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HeaT EvoLuTIiON

From the system-design standpoint, the heat-evolution rate in nickel-
cadmium batteries is of tremendous importance in aerospace applications.
The limited heat-rejection capability of satellites and spacecraft, and the
narrow range of temperatures in which the battery can operate with both
high-efficiency and high-performance characteristics, require detailed
knowledge of the heat-evolution rate of the batteries throughout their
operating cycle. As yet, no fully adequate method exists for predicting
heat-evolution rates as a function of time.

Theoretically, if the rate of each reaction in progress within the cell is
known, equation (2-16) can be used to estimate the heat evolution caused
by each reaction. By adding their effects, the total instantaneous heat-
evolution rate can be estimated. For the charge-discharge reactions, the
thermodynamic data are used to calculate the reversible potentials and
substituted into the general equation with measured entropies, voltages,
and currents. A problem arises when the overcharge reaction begins to
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parallel the charge reaction, since, in order to evaluate the heat effects
of these reactions, an estimate is required of the current devoted to each
of them. Several approaches are possible. If the potential of the nickel
electrode can be measured relative to some standard, it might be possible
to estimate the rate of gas evolution, from which the current supporting
the overcharge reaction can be caleulated. Experimental verification
could be obtained for equation (2-16) by making simultaneous measure-
ments of current, voltage, nickel-electrode potential relative to a standard
electrode, gas pressure, and heat evolution, during a charge-discharge
cycle. Such an experiment would fail to account for the heat effects
because of spontaneous generation of oxygen by decomposition of the
nickel electrode after terminating charge.

A reasonable approximation of the heat-evolution rate on charge may
be obtained using the expression:

q={AE+ITK)nan—IE(1—np3) (4-4)

where 5 is the ampere-hour efficiency as obtained from figures 4-12 through
4-15, and is used as an estimate of the fraction of current which is used
in the charging reaction. This expression does not account for the
delayed energy stored as oxygen pressure on charge and later released as
heat during the early stage of discharge, or for the heat effects of sponta-
neously generated oxygen.

Beck and Kemp (ref. 45) measured the heat-evolution rate of cells for
the Lunar Orbiter battery in terms of a synthetic parameter E,p, a
‘“voltage associated with the enthalpy of the reaction,” which varies with
temperature and combines both the free energy and the entropy terms of
the classical thermodynamic equation. An empirical equation computed
the total heat generated over an entire cycle, including average discharge
voltage, average charge voltage, current, and efficiency terms. Over the
complete cycle, the reversible heat term (included in the E,; parameter)
is eliminated, since the cyelic integral of any thermodynamic property
such as entropy equals zero. The prediction of heat-generation rates is
reported to be impractical because of inadequate efficiency information,
Metzger and Sherfey (ref. 11) establish heats of reaction for the charge-
discharge reaction and for oxygen recombination at 33.0 and 30.43
keal/equivalent, respectively, calculating these values from measurements
of heat generation in nickel-cadmium-sealed cells. Bruins et al. (ref. 6)
measured heats of reaction of the charge-discharge reaction from calori-
metric measurements on sealed nickel-cadmium cells and on cells
containing lithium-hydroxide electrolyte additives or didymium-hydrox-
ide additions to the positive electrode. Changes in the heats of reaction
with LiOH additions led to the conclusion that the system depends on
an electrolyte concentration. Foley and Webster (refs. 10, 46, 47)
measured the heat evolved on repetitive cycling of a 6-A-h nickel-
cadmium cell using an isothermal flow calorimeter (fig. 4-20). They also
report concurrent voltage measurements and pressure data derived from
auxiliary electrode potential measurements. Additional data, including
the relationship of cell potential to oxygen evolution from the positive
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FiGure 4-20.—Foley and Webster measurement of heat evolved on repetitive
cycling on a 6-A-h nickel-cadmium cell using an isothermal flow calorimeter.

electrode, are required to assemble a complete picture of the heat-gener-
ation rates as a function of current, time, and state of charge; and to allow
a theoretical comparison with measured heat-generation rate data.
Tafel curves showing such data were measured under experimental
conditions widely different from those in the calorimeter and, conse-
quently, are not compatible with the calorimetric data. Reproducibility
of the measured data is good. Current plans call for extending measure-
ments to the 12-A-h and 20-A-h sizes.

MagNETIC PROPERTIES

The varying magnetic field created by a battery disturbs the experi-
mental instruments designed to measure low-intensity magnetic fields.
Nickel-cadmium batteries are composed largely of ferromagnetic materials
having a strong residual magnetism and, as current-carrying devices,
also produce an induced magnetic field which increases exponentially with
current.

Voyentzie (ref. 19) measured the magnetic field of a 10-cell nickel-
cadmium battery using spiral-wound cylindrical cells, and found that the
influence of the external wiring on the magnetic field generated by the
battery exceeded the influence of the battery cells by an order of magni-
tude. He proposes a low-magnetic wiring pattern as shown in figure
4-21. TUnpublished magnetic-field measurements made at TRW on a
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Ficure 4-21.—Wiring pattern for low magnetic fields.

12-A-h nickel-cadmium battery of 22 series-connected cells had a maxi-
mum intensity magnetic field, as shown in the following table:

Mazximum magnetic field intensity,

Condition: gamma (at 1 ft)
Open cireuit.__. . __________ 500 to 3000.
1-A discharge__..____ . _._. 200 to 700.
5-A discharge__..__________ 1000 to 3000.

The residual magnetic field is peculiar to the nickel-cadmium battery.
Other batteries made only of nonmagnetic materials have negligible
residual fields. However, the magnetic field intensities of nonmagnetic
batteries with current flowing are comparable to those of the nickel-
cadmium battery.

MEemory ErFFecr anp REcoNDITIONING

The memory effect in a nickel-cadmium cell occurs when the cell
cycles at a constant depth of discharge, and is characterized by progressive
decreases in the voltage of the discharge curve with increasing cycle of
cell operation. Carson et al. (ref. 14), Bauer and Sparks (ref. 48), and
others describe this effect, and attribute it to the reduction in surface
area by crystal growth of unused materials. The magnitude of the
memory effect varies with the depth of discharge and with the log of the
number of cycles of operation, based upon eycle-life data. (See data
under “Cycle Life.”) When cells are operating at random depths of
discharge, the memory effect does not appear to a significant extent in
approximately 500 cycles (ref. 49).

A “memorized” cell may be reconditioned and a large part of its
original capacity restored by fully discharging the cell and allowing it to
remain under load for a time after it has fallen below its minimum
acceptable output voltage. Bauer and Sparks (ref. 31) and Halpert
(ref. 50) observed this. Carson (ref. 14) suggests using several recon-
ditioning cycles for complete restoration of capacity. Hennigan and
Sizemore described automatic nickel-cadmium reconditioning circuits
(ref. 51) in which the cells are discharged through individual transistors
connected across them after discharging the battery through its own
discharge transistor (fig. 4-22).

NAD Crane reconditions with a capacity measurement discharge to
1 volt/cell (or 0.5 volt on any 1 cell) and suggests this partial recondition-
ing is only temporary (refs. 32, 52). Unpublished TRW data on a
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Ficure 4-22.—Nickel-cadmium battery reconditioner system.

22-cell battery reconditioned by full discharge every 50 cycles show a net
gain in postreconditioning capacity after 700 cycles of operation at 75
percent depth of discharge, although slight intermediate losses did occur.
The capacity gain is still unexplained (fig. 4-23).

Service Lire

The two basic criteria used in evaluating the service life of a battery
cell are deterioration in performance characteristics and failure. With
the exception of the memory effect, which may be reversed by recondi-
tioning, and of performance changes immediately preceding a failure, the
nickel-cadmium cell usually shows no significant performance changes
throughout its life. In other words, an unfailed cell, properly recondi-
tioned prior to characteristic measurement test, has essentially the same
performance characteristics after many thousands of cycles as when new
and recently reconditioned. This does not imply that the cells have
infinite life, but after reconditioning, the performance characteristics are
unaffected until failure actually occurs or is imminent. The use of failure
as a criterion of service life must be evaluated in terms of the service
conditions to which the cell is subjected, since most of the observed
failures have been due more to the use of improper charge controls,
inadequate system designs, and a failure to recognize the impact of these
factors upon cell and battery survival.

Two major NASA programs for life testing a variety of nickel-cadmium
cells have been implemented, one at the Inland Testing Laboratories
(refs. 53, 54) and one at NAD Crane (refs. 28, 32, 52). The five refer-
enced reports are summaries of these two large testing efforts.
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Froure 4-23 —Typical nickel-cadmium battery behavior on reconditioning (24-hour synchronous orbit cycles).
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The Inland Testing Laboratories performed cyecling tests at —10°,
25°, and 40° C, varying the depth of discharge between 10 and 40 percent.
The current required to replace the discharged energy in a typical 100-
minute orbit situation, multiplied by an overcharge factor which varied
with the temperature (115 percent at —10° C, 125 percent at 25° C, and
150 percent at 40° C), determined the charging currents. The preset
voltage limits varied with the type of cell. Both voltage and overcharge
factors were selected on the basis of undescribed preliminary tests.
The average end-of-charge and end-of-discharge voltages and represent-
ative charge and discharge curves are reported; temperatures of cells are
not reported. Failures are usually recorded as the cell’s inability to
deliver power at 1 volt or higher throughout the discharge cycle (later
reduced to 0.9 volt), although other failure symptoms, such as electrolyte
leaks, gas pressure bulge, and separator puncture by a grid wire, are
listed. For the most part, however, the failure mode and mechanisms
are not identified. Examinations of the charge curves of many of the
cells operating at 25° and —10° C showed individual cells’ end-of-charge
potentials as high as 1.7 volts, although the test conditions specify an
applied potential limit of 1.54 volts per cell. Assuming that the testing
equipment functioned properly, divergence in cell characteristics is to be
suspected, since no attempt at matching the cells in capacity to minimize
divergence was reported.

NAD Crane conducted a 3-year series of life-cycling tests on 23 com-
binations of sizes of nickel-cadmium cells and charge-control concepts.
Reference 28 describes the testing procedures and equipment, and
reference 32 summarizes the cumulative results of these tests. Refer-
ence 52 is an intermediate report, but the later document includes all
of the data. The description of the various failure modes of the nickel-
cadmium battery and the identification, insofar as possible, of these
failure modes in the batteries on test constitutes the primary contribu-
tion of the Crane life-cycling tests to battery technology. The section
on “Failure Modes” details the analysis of failure in the various bat-
tery cells. A brief correlation of the incidence of failure of each type of
cell with cycle life is shown, but the contributions of the various failure
modes are neglected, partially robbing the correlation of significance.

Each type of cell was cycled in a test program at three temperatures:
0°, 25°, and 40° C (tests began at 50° C but changed when rapid failures
ocecurred).

Two typical orbital situations were flown, the 1.5- and the 3.0-hour
orbit.

Voltage limits were set at 1.41 volts/cell at 40° C, 1.49 volts/cell at
25° C, and 1.55 volts/cell at 0° C.

The extent of recharge was 115 percent at 0° C, 125 percent at 25° C,
and 160 percent at 40° C. In establishing the extent of recharge, no
compensation was allowed for variations in the charge current between
the 1.5- and the 3-hour orbit situations. These nominal percent recharge
limits were reduced automatically if the cell reached its voltage limit,
reducing the charging current. Since charge curves are reported as hours
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of charge, the actual ampere-hours of cell input are not visible, leading to
the conclusion that some failures possibly resulted from a failure to
recharge the cell.

In addition to the standardized tests described above, there is a series
of tests on nickel-cadmium cells using specialized charge-control tech-
niques, including auxiliary electrodes, coulometer, stabistor, a two-step
charge regulator, and the Sherfey “upside-down. cycle,” in which the cells
cycle between a state of full discharge and partial charge. For the most
part, this testing of specially controlled cells is not advanced enough to
permit a judgment regarding the effects of the controls on eycle life.

From the Inland Testing Laboratories data, Clark and Ingling (ref. 55)
established cycle life as a logarithmie function of depth of discharge
(fig 4-24). The seriously reduced cycle life shown at the lower tempera-
tures is attributable to the establishment of unsatisfactory operational
conditions rather than to any failure of the cell itself.

100
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Ficure 4-24.—Logarithmic plot of cyecle life as a
function of depth of discharge.

Francis (ref. 56) summarizes cycle-life data as a function of the depth
of discharge (fig. 4-25), using the classical log-cycle-life versus depth-of-
discharge plot. The data on low-temperature cycles depart considerably
from the usual logarithmic relationship, not because of any failure of the
cell itself but because the cells were operated under an unsatisfactory
regime. Since the data summarized by Francis and those correlated by
Clark and Ingling do not account for periodic reconditioning of the cells,
they must be considered pessimistic when applied to systems using re-
conditioning. Carson et al. (ref. 49) show no correlation between
cycling and failure when using a random-depth cycle.

The Martin-Marietta Corp. performed a statistical regression analysis
and calculated multiple correlation coefficients between the observed
cycle life and the results of four acceptance tests (ref. 57). Their final
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Figure 4-25.—Cycle life of nickel-cadmium
cells; 12-A-h nominal capacity, 90-minute
orbit.

product was an empirical equation containing linear regression coefficients
between cycle life and acceptance test data.

=—435143057X,—10387X,—5.3X;—772X, (4-5)
where
X, cell capacity (measured)
X, end-of-charge voltage
X, end-of-charge pressure
X, internal resistance
Y  the predicted life of the cell in eycles

To use the same data for prediction purposes, the predicted life of the
individual cells was based upon the mean life of the cells in the battery
by the equation

Y=Y =by+b:1(X1i—X1)+ « - - bo(X4—~X,) (4-6)

where Y is the observed mean life of the cells in the battery and by, b, . . .
b, are the intercept and regression coefficients.

Relating the observed mean life to predicted individual cell life permits
normalizing or compensating the data for differences in operating con-
ditions affecting cell life.
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While the above statistical analysis shows a correlation between the
factors observed and the cell life, this method of predicting cell and
battery life is of little value in itself, because of the necessity of testing
and determining the observed mean life before computing the predicted
life. Furthermore, the effect of the various factors upon cell life shown
by the regression equation does not agree in a physical sense with other
known facts. '

Equation (4-5) also shows that inereasing internal resistance increases
service life linearly, when, in fact, high impedances indicate a defective
cell to both manufacturers and users. A high-impedance cell has a higher
charging voltage and a lower discharge voltage, leading to premature -
cell failure.

To match the mean capacity of the batteries and simplify the statistical
calculations, the capacities of the individual cells in each battery were
deliberately mismatched. The capacity of the battery, however, is that
of its lowest capacity cell. This established ideal conditions for diver-
gence failures of the lower capacity cells and weighted the final equation
heavily in favor of small capacity changes resulting in large improvements
in service life.

Mauchly and Waite (ref. 58) established methods of predicting failures
in specific nickel-cadmium cells by comparing the electrical characteristics
on cycling with the electrical characteristics of similar cells which have
failed. Two methods are used to reduce data.

The superimposed curve profile method combines all data curves which
can be accurately superimposed upon each other, and retains only one
curve specimen. This eliminates large masses of redundant data without
losing important information. A quantitative computer process cor-
relating failures with different charge-discharge curve patterns resulted
in the following list of failure symptoms:

End-of-charge voltages above 1.60
End-of-discharge voltages below 1.18
Erratic voltage behavior

These conclusions do not represent any new knowledge. More
detailed conclusions are reached regarding the end-of-charge voltage band
(not less than 1.40 nor more than 1.60), the minimum charge limiting
voltage (1.45 volts/cell), the voltage dispersion during charge (less than
0.08 volt/cell), and a drop in cell voltage on charge-voltage limiting of the
battery pack (less than 0.6 volt).

From the data on voltage dispersion, a second computer program used
to predict failure of specific cells processes the voltage data from five
charge-discharge cycles and generates a frequency distribution histogram
of the differences between each two consecutive voltage measurements.
The computer makes a bar graph, using the magnitude of the difference in
voltage measurements as the ordinate, and the frequency with which this
difference occurs as the abscissa. A gaming program assigns weights to
the various differences in the histogram patterns and correlates the
resulting information with actual failure data. The voltage differences
are divided into three groups, representing small (DV-low), medium-sized
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(DV-mid), and-large (DV=high) differences. A set of rules provides a
quantitative basis for failure prediction. This is called the “first dif-
ference histogram method.”

The discharge failure symptoms are—

(1) A DV-high frequency of occurrence equal to or greater than 9.

(2) A DV-high greater than one-fourth that of DV-low.

(3) A DV-low frequency of occurrence differing from that of DV-mid
by 15 or more.

(4) A DV-mid frequency of occurrence exceeding that of DV-low one-
fourth.

The charge failure symptoms are—

(1) A DV-low frequency of occurrence of four or more times larger, or
one-fourth less than DV-mid.

(2) A DV-high frequency of occurrence of more than one-half that
of DV-iow.

{3) A DV-mid frequency of occurrence more than twice or less than
one-half that of DV-mid (discharge).

Each of these failure symptoms carries weighted demerits against the cell.
Cells having the highest count fail earliest. Again, the first difference
histogram method desecribed shows no new failure symptoms. Larger
changes in voltage and large differences in the slopes of the charge and
discharge curves are known to precede failure. The primary advantage
of this approach is the quantization of the analytical process.

The results of the failure prediction processes, using the unpublished
NAD Crane data recorded on punched paper tape, are unsatisfactory,
requiring almost 1500 cycles of operation before failure can be accurately
predicted by the first-difference histogram method. Mauchly and Waite
describe some deficiencies of the NAD Crane testing methods and make
specific recommendations for improved data acquisition which, if applied,
should lead to earlier failure prediction. However, their analysis of the
required improvements does not place sufficient emphasis upon the control
of the operational and environmental factors largely responsible for the
erratic behavior of the cells.

CHARGE AND DISCHARGE CONTROLS

ImpacTt OF CHARGE ConTROLS UpronN SErRvVICE LiFe

A charge control for nickel-cadmium batteries primarily protects the
battery from overpressure and overtemperature damage due to improper
charging conditions. Ineffective control within any part of the operating
regime of the battery can lead to premature failure. Basic methods of
charge control are discussed in chapter 2. Carson (ref. 14) reviewed
various methods for control of nickel-cadmium battery charging; he
considered not only charge controls but system interface problems and the
effect of orbit variables upon the selection of control methods. This ex-
cellent review qualitatively explores the strengths and weaknesses of each
control method and gives each method a preference rating based upon
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the author’s judgment, after a cursory consideration of some of the
system interface problems. A more detailed consideration of such system
problems would, however, exert a great influence upon the order in which
the methods are rated.

DerectioNn oF CHARGE COMPLETION

A basic problem in charge control of nickel-cadmium batteries is the
detection of charge completion. The methods discussed in chapter 2
apply, but the problem is complicated by the very small difference be-
tween the charging potential, and the next higher overcharge potential,
corresponding to oxygen evolution from the nickel electrode. Voltage
sensing methods must be applied with a great deal more care than with
other electrochemical systems, in which the difference between charge
and overcharge potentials is larger and more easily detected. As a result,
other methods and combinations of methods have been investigated and
are summarized below, with a critique of their applicability in various
types of electric power systems.

The constant-current, charge-control system does not sense state of
charge. Instead, it uses the oxygen overcharge cycle to prevent a build-
up of destructive pressures within the cells, limiting the charge current to
that which the cells will tolerate on continuous overcharge. Nominally,
commercial nickel-cadmium cells aceept a continuous overcharge of C/10;
however, this varies with the history of the cell and with the temperature.
At low temperatures, the overcharge acceptance without pressure buildup
in the cell may be below C/20. At high temperatures, the charging
efficiency at low-current rates is poor (see figs. 4-12 through 4-15), and
the maximum achievable state of charge is limited. This requires over-
sizing the battery to obtain the necessary capacity and oversizing the
charge-power source to compensate for the decreased efficiency. As a
result of these considerations, the constant-current system is attractive
for nickel-cadmium batteries only when neither charge time nor total
charge energy is severely limited, and when charging power is naturally
limited by the source or can be conveniently limited by a system element.
The ATS-1 satellite had a separate battery-charging power source with
limited current capability, and used constant-current charging. In effect,
Nimbus I (ref. 59) and Relay (ref. 60) used constant-current charging
since both had current limiters. Both Nimbus I and Relay had bus
voltage limiters, but the voltage level was set too high to protect the
battery effectively from the effects of overvoltage (1.74 volts/cell for
Nimbus, and 1.65 volts/cell for Relay).

In addition, Relay had an overpressure trip switch set at 500 psi on
one cell.

Aerospace applications have never used true constant potential charg-
ing because of source current limitations. To hold the potential constant
demands tremendous currents from the source at the beginning of charge.
Another disadvantage of this charging method is that a burst of hydrogen
may be generated from the negative electrode of a fully discharged cell
at the beginning of charge.
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Modified constant potential charging is less effective with nickel-
cadmium cells and batteries than with other types. (The standard auto-
mobile dec voltage regulator is a modified constant potential charge
control, with an undervoltage disconnect to prevent motoring the
generator.) This ineffectiveness is due to the small voltage rise at the end
of charge and the large change in end-of-charge voltage as a function of
temperature, making detection of the fully charged state difficult. If a
nickel-cadmium battery charges at a constant current to a limiting
potential of 1.47 volts/cell and holds at that potential thereafter, the
additional heat generated at the end of charge will raise the battery
temperature, thus decreasing the potential of the overcharge reaction and
allowing a higher overcharge current to flow. The result is a thermal
runaway condition in which increased heat causes increased overcharge,
which in turn increases heating. Use of a much lower potential limit
minimizes thermal runaway, but may not permit effective charging at
lower temperatures. Two approaches are used to overcome these flaws.
One approach compensates the voltage limit with the temperature.
This was used in Pegasus satellite (ref. 61), ATS—4 (ref. 62), made avail-
able in OGO through the command selection of two voltage-limit levels
(ref. 31), and has been proposed by Sparks and Wright (ref. 63) as a part
of a generalized integrated electronic battery control system. The
second approach employs an overtemperature protection device to
reduce charge current to a preset trickle level; it has been used as an
additional protection on virtually every satellite flown.

A principal requirement of the temperature-compensated, voltage-
limit method is an accurate knowledge on the part of the designer of the
heat-generation characteristics, efficiency, and the relationship between
the voltage and overcharge current of the battery as a function of tem-
perature. These data are necessary to select the proper functional limits.
To date, in spite of the uncertainties in the available data (a factor of 2
in the overcharge Tafel curves, for example), the method has been used
effectively in many applications.

A modification of the above method is modified constant potential
with switchdown to trickle charge. Several sensor outputs have been
used to accomplish this transition, including temperature (see above),
voltage, pressure, and the output of an auxiliary electrode or of a
coulometer. ,

By using the battery temperature as the switchdown initiator, a
partial temperature control of the battery is possible, independent of the
thermal-control system of the spacecraft. The amount of overcharge
decreases with increasing temperature as a result of the lower efficiency
at the higher temperatures, and the lesser amount of heat required to
bring the battery to the switchdown temperature. The extent of over-
charge under conditions of low charging current availability may be quite
large, particularly if the heat-removal capability of the system is high.
No immediate damage results, but the long-term life of the battery is
expected to deteriorate by extended overcharge. The method was used
effectively in OGO (ref. 31).
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The effective use of a temperature-compensated voltage sensor as an
initiator for switchdown to trickle charge is more dependent upon the
availability of good electrical characteristics information than modified
constant potential charging. Voltage limits are determined as a function
of temperature. This system is effective over a narrow temperature
range because the low-temperature voltage limit must be set at a level
high enough to insure complete charging, but not high enough to permit
the evolution of hydrogen gas. Any error in setting will result either in
pressure development or inadequate charging. At the high temperatures,
the same narrow dividing line between inadequate charge and excessive
heating must be negotiated. The effective temperature range in which
all four of these requirements can be satisfied is narrow.

Pressure sensing has been extensively investigated, using the auxiliary
electrode cells of both the fuel-cell type and the adsorption-eleetrode type.
Both Sizemore (ref. 64) and Bauer (ref. 13) found that the fuel-cell type
of electrode gave a premature full-charge signal under some circumstances.
Sizemore (ref. 64) used the adsorption hydrogen electrode to control
several series-connected nickel-cadmium cells, allowing the first cell
signaling full charge to terminate battery charging by switching to trickle
charge. Compensation for variation of temperature was achieved by
varying either the signal voltage at which full charge is assumed or the
load resistance across the auxiliary eléctrode. Sizemore found an in-
creased auxiliary electrode sensitivity over the first few months of
operation, leveling off to constant characteristics thereafter. In
addition, the adsorption hydrogen electrode gave a false full-charge
signal at the beginning of charge imnmediately following discharge,
resulting in a brief period of trickle charge prior to commencement of
normal charging. Hennigan and Sizemore (ref. 51) use electronic charge-
control circuitry to implement adsorption hydrogen electrode control of
nickel-cadmium batteries, including temperature compensation curves
for voltage and load resistance (fig. 4-26).

Lerner and Seiger (refs. 65, 66) and Carson and Hadley (refs. 67, 68)
suggest using two auxiliary electrodes in each cell. One, a high recom-
bination-rate platinum catalyst fuel-cell electrode, eonnects dlrectly to
the negative electrode and acts as a recombination or “scavenger”
electrode, maintaining low-oxygen pressures in the cell until the electrode
is saturated. When the current through the scavenger electrode reaches
the saturation level, the pressure rises, and a lower sensitivity signal
electrode senses this pressure rise and terminates charge. The signal
electrode may be the adsorption hydrogen electrode (refs. 65, 66), or a
silver spinel catalyst electrode (refs. 67, 68).

Stroup (ref. 69) studied coulometric control of charging, using nickel-
nickel and cadmium-cadmium coulometers, rejecting the nickel-nickel
type in favor of the more reversible cadmium-cadmium coulometer.
The coulometer consists of two cadmium electrodes, immersed in a
potassium hydroxide electrolyte and baving a capacity similar to that of
the controlled battery Prior to use; the coulometer cell, closed by a
pressure relief fitting, is charged in both directions at the oxygen plateau
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level (1.45 volts) until the hydrogen potential (1.55 volts) is reached.
After this formation cycle, the residual gas is pumped out and the cell
sealed. Oxygen leakage into the formed cell will unbalance the coulom-
eter. In operation, the voltage drop across the cell remains at approxi-
mately 50 millivolts until the coulometer is fully polarized in the charge
direction, then the voltage drop increases to a level greater than 1 volt.
This signal increase is used to switch from full charge to trickle charge,
bypassing the trickle current around the coulometer cell. To prevent gas
evolution due to excessive potentials across the coulometer, the trickle
current is bypassed by a silicon or germanium diode or other junction
device, with a forward voltage drop limiting the potential applied to the
cell. At voltages below 1.0 volt, the eurrent through a polarized cou-
lometer is less than C/1000. Coulometer capacity drifts downward by
10 to 15 percent during the first 100 cycles, then remains constant for at
least 3000 cycles. Simple circuit approaches are shown. Stroup limits
the applicability of the coulometer to temperatures of 25° C and below,
presumably because of the lack of information on the ability of the
coulometer to track the cell at high temperatures, and because of capacity
deterioration in the battery. NAD Crane tested a battery pack with
coulometer control beginning at 80 percent depth of discharge and
decreasing depth of discharge by increments of 10 percent until reaching
stability. The coulometer maintained the battery at 30 percent depth
of discharge, and logged over 6500 cycles. A second battery, operating
at 40 percent depth of discharge, completed 805 cycles. More recent
data (Stroup, NASA GSFC, private communication) disclose that the
coulometer control has undergone operational testing and flight quali-
fication for the proposed RAE satellite, which uses coulometers with
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0.010-inch interelectrode separation. Testing failures have been reported
in models with 0.005-inch spacing.

Chapter 2 contains a general discussion of stabistor control of nickel-
cadmium cells, NAD Crane tested stabistor control at temperatures
ranging from ~—20 to +40° C and at 25 and 40 percent depth of discharge.
At 40° C and 40 percent depth of discharge, cell efficiency was too low for
satisfactory cycling, and the pack was changed to 15 percent depth of
discharge. Several cell failures occurred at the low temperatures, because
the very soft characteristic of the stabistor allowed the cell voltages to
reach gas-generation levels.

NAD Crane also tested cells cycled in the Sherfey upside-down cyele.
In this system, the fully discharged cells charge to about 60 percent of their
capacity, and discharge 40 percent. After five such cycles, the cells are
discharged fully through individual resistors, and the sequence is repeated.
In this way, the cells are operated below the 100-percent-capacity mark
and avoid overcharge. In addition, the repetitive deep discharges avoid
the formation of the memory effect. After 1864 cycles, no failures have
occurred, although deposits (presumably caused by leakage) and bulging
due to high pressure were observed. Some of the leaking cells reached
voltages at end of charge of 1.62 volts, suggesting severe cell unbalance
due to oxygen loss, drying of the electrolyte, or both.

Charge-control system circuits and block diagrams for nickel-cadmium
cells are shown by:

(1) Ford and Liwsk: (vef. 70).—Shunt regulator designed to clamp the
battery bus voltage at one of two levels, both of which are functions of
temperature. The voltage level is selected on the basis of the output of
an auxiliary electrode, the higher level occurring with a small output
of the auxiliary electrode. "

(2) Graff (vef. 61).—Modified constant potential charger with a volt-
age limit varied inversely with temperature and a separate two-level
trickle charger with a constant current output set on command at either
C/60 or C/12, the higher current compensating for the effects of high
battery temperatures.

(8) Liwski (U.S. Marine Engineering Laboratory) (ref. 71).—~Two-
mode bench-test charge controller. The first mode charges at constant
current until the auxiliary electrode reaches a potential of 125 millivolts,
then the current decreases linearly with the increasing electrode potential
until the battery reaches trickle charge at 250 millivolts. In the second
mode, a 5-minute time delay continues constant current charge after
reaching the initial 125-millivolt electrode potential before decreasing
charge current.

(4) Yagerhofer (ref. 72).—Clircuitry for a modified constant potential
charger for 100-minute orbit applications, using both a current limit and
a voltage limit. Automatic battery transfer due to undervoltage is used
to switch in a standby battery.

(6) Hennigan and Sizemore (ref. 51).—Circuitry for modified constant
potential charging of a battery, followed by switchdown to a trickle-
charge level when any one of the battery-cell auxiliary electrodes reaches



NICKEL-CADMIUM BATTERIES 111

a predetermined potential which varies as a function of temperature.
Hennigan and Sizemore also show a reconditioning circuit.

(6) Carson and Hadley (ref. 67).—Sensing circuits of several types for
the monitoring auxiliary electrode potentials.

(7) Sparks and Wright (ref. 63).—Block diagrams of a complete
integrated electronic control system, including system logic, temperature-
compensated modified constant potential charging, cell bypass for over-
discharge protection, and reconditioning. Voltages are sensed at the
cell level, and are compensated for cell temperature, rather than average
battery temperature by means of temperature-sensitive elements of the
voltage-sensing circuits.

OVERDISCHARGE PROTECTION

Under some circumstances, deep discharge of a battery causes gas
evolution in cells of a lower capacity than the remaining battery cells due
to a reversal of potential in the low-capacity cell. (See Ch. 2, “The Di-
vergence Problem.”)

Three methods for ameliorating the effects of overdischarge in nickel-
cadmium cells were investigated. Dassler (U.S. Patent No. 2,934,581)
proposed using an antipolar mass consisting of deposits of cadmium
hydroxide in the nickel electrode. Under conditions of limited over-
discharge, this antipolar mass protects against the formation of hydrogen
gas until the conversion of all cadmium hydroxide to metallic cadmium.
In practice, the antipolar mass is effective only at extremely low current
densities. At useful current densities, hydrogen generates simulta--
neously with cadmium hydroxide reduction (ref. 73). Bypassing the cell
with a low-voltage-drop semiconductor minimizes the reverse-voltage
drop across the cell, and consequently the reverse current through the
cell. Alliegro et al. tested germanium diodes as bypass elements (ref. 74)
and found them of limited value in delaying the effects of overdischarge.

A method for lessening the effects of overdischarge was introduced by
Sparks and Wright (ref. 63), who proposed a solid-state low-output
voltage converter at each cell, clamping the voltage at 0.8 volt. This
converter is normally off, turning on only when the cell enters under-
voltage. The method is complex, and further complications are intro-
duced if protection against electronic component failure is required.
Ritterman and Seiger (ref. 75) designed and tested a cell capable of both
overcharge and overdischarge. The capacity of the cell is limited by
that of the cadmium electrode. This assures that oxygen is generated
on overdischarge. The auxiliary silver electrode recombines the oxygen
and is oxidized to Ag,0 in the process. The silver electrode is regen-
erated on charge. A diode is connected across the terminals of the cell
to clamp the overdischarge voltage. An Adhydrode was used for over-
charge control. The cells survived more than 250 overdischarge cycles
without failure, except those due to silver migration within the cells,
causing the Adhydrode control electrode to short-cireuit. Another cell
capable of both overcharge and overdischarge developed by Catotti and
Read (ref. 76) uses a hydrogen-recombination cycle with two fuel-cell
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electrodes in each cell, one for overcharge control of oxygen generation,
and one for overdischarge control of hydrogen. Both are true gas-
recombination electrodes. On cycling, the cells accepted limited over-
discharge at relatively high currents. In the cycles used, pressures as
high as 78 psi were generated within the cell (50 percent overdischarge per
cycle for 200 cycles of operation). The hydrogen pressure fell, however,
when oxygen was generated on overcharge.

THERMAL INTERFACE PROBLEMS

The problems associated with integrating the battery into the thermal-
control system of a spacecraft are important enough to warrant a discus-
sion, independent of the other system-interface problems. Spacecraft
electronic equipment consists of silicon semiconductors, metal film or
composition resistors, tantalum capacitors, and inductors, plus other
plastic and metal components. The heat dissipation of these com-
ponents ean be predicted from the conditions of operation, and a
relatively simple “worst-case analysis” can be used to determine the
maximum and minimum temperatures of properly mounted components.
The components themselves operate over a wide range of temperatures
without damage or intolerable deterioration of their electrical charac-
teristics. Batteries, on the other hand, vary in heat dissipation over
their charge-discharge cycle, depending upon the state of charge. The
rates of heat evolution or absorption are nonlinear with cell voltage.
A nickel-cadmium battery can be operated with high performance over a
temperature range of approximately 0° to 40° C, but this wide temperature
range introduces design complications. As a result, the battery tem-
perature has a profound influence upon the thermal-control subsystem of
the spacecraft, and may be a primary factor in the determination of
thermal-control-design concepts.

The criticality of the thermal interface between battery and spacecraft
grows with increasing power demand by the spaceeraft. In general,
spacecraft with body-mounted solar arrays tend to be less critical in their
characteristics, since all the solar energy falling on the spacecraft ulti-
mately becomes heat (except for that actually radiated by communications
antennas) and is reradiated by the solar array in such a way as to stabilize
the average temperature at approximately room temperature. However,
spacecraft with external appendages for gathering electrical energy from
the Sun may have a higher power input than their available radiating
surface area can handle conveniently, unless an active thermal-control
system is used. Large variations in the heat output of the battery
further increase the need for the heavier, more complex, and less reliable
active thermal-control systems.

Bauer and Sparks (ref. 48) simulated the thermal interface between a
nickel-cadmium battery and the OGO spacecraft, measuring the heat
evolution and absorption during simulated orbital operations, finding
battery-temperature variation from 75° to 100° F with the control system
used. (Modified constant potential charging with 95° F temperature
switchdown to trickle.) ‘
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SysTEM INTERFACE PROBLEMS

Beyond the thermal-interface problem discussed above, and the
possibility of interference with magnetic measurements, the nickel-
cadmium battery presents no unusual system-interface problems to the
design engineer, General system-interface problems common to all
batteries are discussed in chapter 12.

FAILURE MODES

Nickel-cadmium battery failure modes may be divided into four
general categories:

(1) Cell failures due to inadequate design or improper quality control.

(2) Cell and battery failures due to improper operation. (These are
discussed under “Battery Operating Controls,” ch. 2.)

(3) Cell and battery failures due to divergence of cell properties or
characteristics.

(4) Cell wearout.

Design and quality control failures were summarized by Stroup (ref. 69) as
belonging to four categories.

A chemical or electrolytic attack of the sealing alloy or glass may
cause leakage of the seals.

The deposition of conductive silver-based compounds across the terminal
insulator results in cell short circuiting. References 48 and 77 describe
this phenomenon in'more detail. The metallic silver, used as the brazing
alloy in the ceramic-to-metal seal of the positive terminal, is electrolyti-
cally attacked, forming silver oxide (Ag,0). Silver oxide is soluble in the
potassium-hydroxide electrolyte, and migrates or diffuses to the negative
terminal where it is redeposited, probably as metallic silver. This
deposit gradually extends across and short-circuits the insulator. Cells
having a single insulated terminal (the negative electrode being common
with the ease) short-circuit more than cells having two insulated ter-
minals, because in the two-terminal cell the potential is divided between
the two insulators, lowering the driving potential for corrosion of the
silver alloy. Scott, Mainz, Sparks, and others discuss this type of
failure mode in a workshop symposium (ref. 77) (also see Bauer and
Sparks, ref. 31). The battery and power system is considered to have
failed if the battery fails to meet the requirements of the system design
by allowing the end-of-discharge voltage to fall below the minimum
acceptable level. (See further discussion under “Memory Effect and
Reconditioning,” above.)

Migration of the negative active electrode material has also been
observed (refs. 31, 52, 77). NAD Crane Ordnance Laboratories describes
migration as a uniform dark coating on the separator material, occasion-
ally penetrating the separator to produce a high-resistance short circuit.
In places of severe penetration, burned spots are found on the separator
(refs. 28, 32, 52). According to Bauer and Sparks (ref. 31), the formation
of nodular growths on the negative electrode gives it a burned appearance.
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NAD Crane describes separator deterioration (refs. 28, 32, 52) as a
thinning of the separator, loss of tensile strength, and an adhesion to the
negative electrode. Bauer and Sparks (ref. 48) describe a similar
adhesion to the negative electrode accompanying the burned appearance
which indicates the presence of migration.

Blistering of the positive electrode is described as a result of charac-
terization test charges at the C/1 rate (ref. 50) and as a result of cyclic
operation (refs. 28, 32, 52). Separator deterioration in the area of the
blister was observed (ref. 52). Blistering and separator deterioration
increase in severity toward the center of the core of cylindrical cells using
spirally wound electrodes.

Loosened or extraneous active material crumbled from the edges
during assembly, or areas of electrode materials separated from the
current-collecting grid during winding of the cylindrical cells (refs. 28,
32, 53).

FaiLure RATES

Little useful data are available to form conclusions regarding failure
rates. Sparks and Wright (refs. 63, 77) list failure rates as varying with
time, but do not show the basic data or the means of derivation. They
do distinguish, however, between the different modes of failure.

Service-life data are usually presented as plots of the log of the number
of eyeles as a function of the depth of discharge. Accumulated service-
life data are shown with different failure modes not distinguished from
each other (ref. 57). The NASA battery-testing program at NAD Crane
(refs. 28, 32, 52) makes it possible to correlate failure data by failure mode.
In an initial attempt at failure-rate determination, the failures may be
divided into three categories, each of which is assumed to occur independ-
ently of the others.

Premature failure can result from a charge-control defect or from
mechanical defects in cells. Included in this category are failures
caused by separator puncture and localized heating resulting from
defective welds. The rate of cell failure is unpredictable because the
severity of the initial cell defect determines the number of cycles that the
cell will survive. Since these defects may appear slowly, they are handled
as random phenomena and are evaluated statistically.

The next category includes cell failures resulting from separator
deterioration, migration of the active materials, and other wearout effects.

The final cell failure involves a cell inability to deliver the current at
the minimum acceptable voltage. However, this deteriorated perform-
ance cannot be attributed to a particular physical failure mode, and is
therefore categorized separately.

Initially, the data from cells containing mechanically eaused defects
are eliminated. The unexplained failures were tentatively attributed to
the memory effect and handled separately, and the separator deterio-
ration and migration failures were tentatively combined. Figures 4-27
through 4-29 illustrate the results; the circles of figure 4-27 represent the
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cadmium cells.

memory effect or unexplained failures, and the triangles represent the
migration-separator deterioration data.

The following conclusions were reached from an examination of figures
4-27 through 4-29. The data derived from the unexplained failures and
attributed to the memory effect deviate from the usual log-cycle-life
versus depth-of-discharge relationship. The service life and the slopes
of the lines (arbitrarily drawn as straight lines on semilog paper) vary
greatly in different cells operating at the same temperature. Considering
the scattered data, no reasonable conclusion can be derived other than
that service life increases while temperature decreases in the range from
40° to 0° C. Even this conclusion is only qualitative, and may be con-
founded by the possibility that failures may be partly due to inadequate
recharge of the battery.

There are several possible explanations for the erratic behavior of
the cells.

(1) The unexplained failures may not be due to the development of
the memory effect alone. Instead, the failures may result from several
types of unexplained failure mechanisms occurring at different rates in
the various cells.
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(2) The unexplained failures may be due to the memory effect, but
the relationship between memory effect and failure rate is masked or
disturbed. In view of the nature of the reconditioning cycle being used,
this is quite possible. The Crane Ordnance Laboratories reconditioning
cycle consists of a discharge of the battery to a terminal voltage of 1.0
volt per cell, followed by a long overcharge and a second discharge 1 volt
per cell. Under this method, only partial reconditioning can take place,
and the restoration of capacity tends to be uneven from cell to cell, since
cell voltages vary considerably when the total battery voltage averages
1 volt per cell.

The data on migration and separator deterioration are more consistent.
When all extraneous failure modes are eliminated from consideration, the
curves showing log cycle life versus depth of discharge fall into several
distinct groups. Data on cylindrical cells fall in a very wide band of lines
at 40° C, and the prismatic cells are closely grouped. The steeper slopes
of the lines suggest that the prismatic cells tend to wear out faster with
increasing depth of discharge than some types of the cylindricals. The
same relationship appears to be true at 25° C. However, there are
insufficient data available for any useful correlation at 0° C.
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Various types of cells appear to differ in sensitivity of separator and
migration failures to the depth of discharge. However, the conclusions
regarding this difference may not be valid, since they were based upon
limited data. However, the results are sufficiently consistent to suggest
further analyses of this kind.

The data on the rate of occurrence of short circuits across the cell
terminals due to deposition of silver or silver compounds are scattered,
and apparently show no relationship with depth of discharge. Theoret-
ically, the rate should increase with the applied voltage. Scott (ref. 77)
has suggested accelerating this effect by applying higher<than-normal
voltages to cell terminals in the presence of an electrolyte. However, a
change in brazing alloy has since made these data obsolete.

Gas-pressure failures are discussed under “Charge Control.”

Epstein and Waite (ref. 78) used cryptanalytical techniques on the
NAD Crane data to pinpoint the failure modes associated with specifie
battery manufacturers to enable them to evaluate and improve the
product. This method, which determines the combinatorial frequency of
occurrence of three coded failure characteristics, identifies single- and
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triple-failure modes, and identifies the individual manufacturer re-
sponsible for each type and combination of failures. Many of the
conclusions reached in this analysis are both self-evident and trivial.
However, the method does make it possible to expose unsuspected com-
binations of failures when they occur with unusual frequency.

WeT STAND !

When nickel-cadmium batteries stand open circuited in the fully
charged condition, they slowly lose their charge and decay in open-
circuit voltage. Both phenomena occur linearly with the logarithm of
time (ref. 6). Bourgault and Conway (ref. 79) investigated this self-
discharge phenomenon by measuring the oxygen-evolution rate from the
nickel electrode as a function of time and electrode potential. They
determined that the self-discharge process occurs on open circuit with a
simultaneous change in electrode potential and an evolution of oxygen.
The potential decay curves show two linear regions (versus log of time)
having different slopes. The potential at which the transition between
the two rate-determining processes occurs depends upon the concentration
of potassium hydroxide in the electrolyte. Either of two mechanisms
proposed for the self-discharge process suggested can explain the slopes
of the decay curve adequately.

The self-discharge phenomenon increases in rate with rising temper-
ature. The decay in potential following the Tafel relationship

E=E'—blog (t+~)
where 7 is an empirically determined constant, and the slope b is
K.RT

b= K,F
where
R gas constant
K,+K, integers
F Faraday’s constant
. T absolute temperature

Therefore, the variation in rate is directly proportional to absolute
temperature.

In addition to the self-discharge process, a slow deactivation of the
negative electrode occurs, causing a cell on constant-current charge after
a period of shelf storage to exhibit higher-than-normal end-of-charge
voltages (refs. 31, 80). If charging voltages are permitted to exceed the
appropriate limits (approximately 1.5 volts at room temperature),
hydrogen gas is generated in the cell, causing permanent internal pres-
sures. The phenomenon occurs randomly, with increasing probability of
occurrence and increasing end-of-charge potential as the storage time
lengthens. It appears only on the first charging cycle after shelf storage,
and may be avoided by subjecting the cell after storage to continuous
overcharge at low currents, gradually increasing the current until the
desired overcharge current is reached at safe voltages.
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ENVIRONMENTAL FACTORS

MEcHANICAL ENVIRONMENTS

Modern nickel-cadmium cells are capable of withstanding most
mechanical environments to which they may be exposed in the manu-
facture, transportation, assembly, launch, and flight of aerospace vehicles.
Generally, the internal structure of a cell is able to tolerate these stresses;
any failures which occur are usually found in the battery-packaging
elements or are due to poor design of the battery structure. The environ-
mental test data are not summarized here because of the lack of general
applicability.

THERMAL ENVIRONMENTS

Nickel-cadmium batteries are sensitive to variation in thermal environ-
ment. This sensitivity takes the form of large variation in the electrical
characteristics and service life and is discussed in the appropriate sections.

STERILIZATION

Sterilization of all spacecraft components is required to avoid con-
taminating planetary bodies (other than the Moon) with living organisms
from the Earth, at least until the presence or absence of rudimentary
forms of life has been established. While many methods of sterilization
bave been examined, including chemical surface decontamination with
ethylene oxide and assembly under sterile conditions (ref. 81), heating the
finished spacecraft assembly to 145° C for 36 hours and repeating this
heating cycle three times seems to be the most practical system.

Nylon nickel-cadmium battery separators will not withstand this
sterilization heat cycle. Liska (ref. 82) investigated the sterilization
problem of Gulton nickel-cadmium batteries in both the charged and
discharged condition, varying separator materials. Preliminary tests of
separator materials showed that several promising materials, including
asbestos cloth, polypropylene and a polypropylene-nylon mixture, under-
went large dimensional changes in heated potassium hydroxide solutions,
but were dimensionally stable thereafter. These materials were used after
a high-temperature pretreatment. Sterilization of only the negative
electrode resulted in a loss of recombination eapability, but no loss in
capacity. Sterilization of only the positive electrode led to a loss in
capacity, but not in recombination capability. Sterilization of both
positive and negative electrodes separately led to low capacity, but no
loss of recombination capability. This last test result was unexplained.

Sterilization of complete cells in the discharged econdition showed that
in several cases a modest loss in capacity occurred after three sterilization
cycles, and that the output voltage of the cells fell somewhat. In most
cases, the tolerance of the cell to overcharge was considerably impaired,
leading to additional problems in charge control. Sterilization of the
cells in the charged condition, with a trickle eurrent flow maintaining
them at full charge during the sterilization process, resulted in large
permanent capacity losses.
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Richards (ref. 83) investigated the sterilization resistance of Sonotone
cylindrical 4-A-h cells in the charged and discharged condition.

Sterilization of fully discharged cells led to a capacity loss of approxi-
mately 25 percent in the first cycle after sterilization. Capacity losses
on further cyecling of the sterilized cells, however, were not as rapid as
that of a control group. After 300 days of cyclic operation, no significant
difference was found between the capacities of the control cells and those
sterilized in the discharged state. No significant decline in discharge-
plateau voltage was observed, but a significant rise in charge voltage
occurred after sterilization. Sterilization of cells in the charged condition
led to immediate failures in a significant proportion of the cases.

Long overcharge (60 milliamperes for 118 days) of cells sterilized in the
discharged condition apparently had an additional deteriorating effect
upon cell capacity.

RapiatioNn EFFECTS

Argue et al. studied the effects of gamma, electron, and neutron
radiation on nickel and cadmium electrodes in an experimental cell
immersed in a liquid electrolyte, using commercial electrodes (ref. 84).
A similar study on the effects of high-energy proton irradiation was also
performed (ref. 85). The effects of radiation are summarized below.

Gamma.—Voltage: The polarization characteristics of the eleetrodes
were unaffected ; however, after 8 X 107 rads, a 10-millivolt drop in open-
circuit voltage was observed. Since this occurred after 62 hours at
relatively high temperatures induced by the deposition of energy within
the cell, it is reasonable to suppose that this is a normal decay in
open-circuit voltage due to time and temperature.

A serious loss of capacity in the cadmium electrode was observed at a
75-percent state-of-charge irradiation, but very little loss at 25, 50, or
100 percent state of charge. This loss was repeated in several runs and
appears to be statistically supportable, although no explanation is given.
Irradiation during shallow cyclic operation of the cell in the neighborhood
of 75 percent of full charge appears to have a worse effect than open-
circuit irradiation.

Cell balance was affected and the cell became negative limiting after
3X10% rads. No explanation is advanced. (The shift in balance could
have been partially caused by losses in oxygen gas from the system
during cycling or irradiation; no information is provided about possibility
of such losses.) Active material was lost from the negative electrode at a
rate which is a function of the integrated dose and of the dose rate.
This is attributed to the scrubbing action of gas bubbles generated by
radiolysis of the electrolyte. The quantity of active material lost was
insufficient to account for the negative limiting after irradiation.

Electron.—A voltage depression was observed, and was interpreted as
being due to high temperatures. When electrodes were directly irradiated,
no loss in active material occurred. However, when the electron beam
impinged upon the electrolyte, material was lost from the negative
electrode at a level consistent with the losses due to gamma irradiation
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doses within 1 to 1.5 orders of magnitude. This lends support to the
electrolyte radiolysis mechanism theory of material removal.

Fast Neutron.—After a total dose (gamma plus fast neutron) of 7.4 X105
rads, no loss of active material from any electrode oceurred, although some
elemental transmutation reactions oceurred. It was concluded that fast
neutrons were not more damaging than gamma radiations.

High-Energy Proton—Any discernible effects of radiation were
obscured by an uncertainty in the capacity measurements.

TueErMAL CONDUCTIVITY

Gulton Industries (ref. 89) measured the thermal conductivity of
nickel-cadmium prismatic cells, finding that the thermal conductivity
increased proportionally with inereasing overcharge current. This
enabled overcharge of the cells at high rates with small thermal gradients
between interior and exterior.

TYPICAL NICKEL-CADMIUM-BATTERY APPLICATIONS

As a rule, nickel-cadmium batteries have been employed where long
cycle life, nonleaking, secondary batteries are required. In satellite
applications, the discharge rates have varied from approximately the
1-hour to the 5-hour rate, but the actual envelope of the system’s capa-
bility is somewhat wider, since it may be used at currents as high as the
10-minute rate. The minimum rate at which the nickel-cadmium
system may be used is determined by the self-discharge rate, which varies
considerably with temperature. Rates of several hundred hours are
quite plausible.

Nickel-cadmium batteries are less frequently used in applications
requiring a limited number of cycles and limited survival times. Table
4-T1T shows a number of typical satellite applications with pertinent
characteristics data.

REFERENCES

1. Anon.: Encyclopedia of Chemical Technology. Vol. 3. Second ed., Wiley
(New York, N.Y.), 1936.

2. AtkinsoN, G. S.: A Short History of the Jungner-Nife Nickel-Cadmium
Battery. Electrochem. Tech., vol. 4, no. 7-8, 1966, p. 431.

3. Broop, R. J.; anp DEWanE, H. J.: Impedance of Sealed Nickel-Cadmium
Dry Cells. Electrochem. Tech., vol. 3, no. 1-2, 1965, p. 12.

4. Fauk, S.U.: Investigations on the Reaction Mechanism of the Nickel-Cadmium
Cell. J. Electrochem. Soc., vol. 107, no. 8, 1960, p. 661.

5. KoBErR, F. P.: Analysis of the Charge-Discharge Characteristics of Nickel-
Oxide Electrodes. J. Electrochem. Soe., vol. 112, no. 11, 1965, p. 1064.

6. Bruins, P. F.; CavLper, S. M.; anp Savkinp, A. J.: Calorimetric Study of
the Thermodynamic Properties of the Nickel-Cadmium Cell. Final Report,
Oct. 1, 1964, to Dec. 31, 1965. Polytechnic Institute of Brooklyn, Dept.
of Chem. Engineering (Brooklyn, N.Y.). No date. (Available as NASA
CR-71408, N66-21663.)



10.

11.
’12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

NICKEL~-CADMIUM BATTERIES 123

Aixg, P. E.; Casey, E. J.; Dusois, A. R.; anp Moroz, W. J.: Effects of Foreign
Ions on Nickel Hydroxide and Cadmium Electrodes. J. Electrochem.
Soc., vol. 112, no. 4, 1965, p. 371.

Koper, F. P.; anD LuBLin, P.: Potassium Distribution in Nickel-Oxide Elec-
trodes. J. Electrochem. Soc., vol. 113, no. 4, 1966, p. 396.

. Latimer, W. M.: Oxidation Potentials. (Oxidation States of the Elements

and Their Potentials in Aqueous Solutions.) Second ed., Prentice-Hall
(Englewood Cliffs, N.J.), 1952.

Forey, R. T.; anp WEBstER, W. H.: Research Into Fundamental Phenomena
Associated With Spacecraft Electrochemical Devices—Calorimetry of
Nickel-Cadmium Cells. First Quarterly Report, Jan. 1 to Sept. 30, 1966,
American Univ. (Washington, D.C.). No date. (Available as NASA
CR-81350.)

Metzcer, W. H., Jr.; anp SuerFeY, J. M.: Electrochemical Calorimetry,
III. Thermal Effects of Nickel-Cadmium Batteries. Electrochem. Tech.,
vol. 2, no. 9-10, 1964, p. 285.

Casey, BE. J.; Henoerson, H. 8.; anp King, T. E.: Canadian Research on
Secondary Batteries. Presented at the 16th Annual Power Sources Con-
ference (Fort Monmouth, N.J.), May 22-24, 1962, p. 108,

BavuEr, P.: Characteristics of Three-Electrode, Sealed, Nickel-Cadmium Cells.
Proc. IEEE Trans., vol. AS-2, 1964, p. 784.

Carson, W. N., Jr.: A Study of Nickel-Cadmium Spacecraft Battery Charge
Control Methods. Final Report, General Electric Co., Research and De-
velopment Center (Schenectady, N.Y.), Apr. 1966. (Available as NASA
CR~62029, N66-36372.) '

Carson, W. N, Jr.: Study of Additives To Improve Nickel Hydroxide Elec-
trode Behavior. Final Report, General Electric Co., Advanced Technology
Laboratories (Schenectady, N.Y.), Mar. 15, 1964.

Lerner, S.; Rrrrerman, P.; anp Seicer, H. N.: Investigation of Battery
Active Nickel Oxides. Final Report, Gulton Industries, Inc. (Metuchen,
N.J.), Sept. 12, 1966. (Available as NASA CR-72128, N67-15153).

Favusrt, C. L.; McCarLum, J.; ScuaER, G. R.; AND TrEVETHAN, D. G.: Develop-
ment of Large-Internal-Surface-Area Nickel Metal Plaques. Final Report,
Battelle Memorial Institute (Columbus, Ohio), Sept. 30, 1965. (Available
as NASA CR-54831, N66-14376.)

Greenter, P. H.: Study of Sonotone Corporation Nickel-Cadmium Size F
Battery Cells. Final Report No. 2303-0003-RU000, TRW Systems (Redondo
Beach, Calif.), Apr. 1961.

Voventzig, P. R.: Improving Performance and Reliability of Sealed Secondary
Type Nickel-Cadmium Storage Batteries for Satellite and Space Application.
Final Report, Jan. 10, 1961, to Jan. 11, 1963. Sonotone Corp., Battery Divi-
sion (Elmsford, N.Y.). No date. (Available as NASA CR-53258, N64-
17492.)

Kosr, W. H.: Materials and Techniques for Electron Tubes. General Tele-
phone & Electronics Technical Series. Reinhold Publ. Corp. (New York,
N.Y.), 1960.

Anon.: Evaluation Program for Secondary Spacecraft Cells, General Per-
formance Test on Gulton Industries, Inc., 20.0 Ampere-Hour Sealed Cells.
Rept. no. QE/C 64-5, U.S. Naval Ammunition Depot, Quality Evaluation
Laboratory (Crane, Ind.), Apr. 16, 1964. (Available as NASA CR-58202,
N64-27902.)



124

22.

23.

24.

25.

26.

28.

30.

3L

32.

33.

BATTERIES FOR SPACE POWER SYSTEMS

Anon.: Evaluation Program for Secondary Spacecraft Cells, General Per-
formance Test on General Electric Co., 3.0 Ampere-Hour Cells. Rept.
no. QE/C 64-1, U.8. Naval Ammunition Depot, Quality Evaluation Labora-
tory (Crane, Ind.), Jan. 6, 1964. (Available as NASA CR-55630, N64-46104.)

Awnon.: Evaluation Program for Secondary Spacecraft Cells, General Per-
formance Test on Gould National Batteries, Inc., 3.5 Ampere-Hour “D”
Cells. Rept. no. QE/C 64-7, U.S. Naval Ammunition Depot, Quality
Evaluation Laboratory (Crane, Ind.), Jan. 2, 1964. (Available as NASA
CR-55631, N64-16105.)

Anon: Ewaluation Program for Secondary Spacecraft Cells, General Per-
formance Test on Gould National Batteries, Inc., 20.0 Ampere-Hour Cells.
Rept. no. QE/C 64-4, U.S. Naval Ammunition Depot, Quality Evaluation
Laboratory (Crane, Ind.), Feb. 28, 1964. (Available as NASA CR-53639,
N64-19621.)

Awon.: Evaluation Program for Secondary Spacecraft Cells, General Per-
formance Test on Sonotone Corporation, 5.0 Ampere-Hour ““F”’ Cells. Rept.
no. QE/C 64-2, U.8. Naval Ammunition Depot, Quality Evaluation Labora-
tory (Crane, Ind.), Feb. 4, 1964, ’

Anon.: Evaluation Program for Secondary Spacecraft Cells, General Per-
formance Test on Gulton Industries, Inc., 6.0 Ampere-Hour Cells. Rept.
no. QE/C 64-3, U.S. Naval Ammunition Depot, Quality Evaluation Labora-
tory (Crane, Ind.), Mar. 2, 1964.

Anon.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Gulton, 1.25 Ampere-Hour Cells With High Overcharge Capabilities.
Rept. no. QE/C 66-120, U.S. Naval Ammunition Depot, Quality Evaluation
Laboratory (Crane, Ind.), Feb. 28, 1966. (Available as NASA CR-71296,
N66-20898.)

Brugess, E. C.: Evaluation Program for Secondary Spacecraft Cells. Rept.
no. QE/C 64-274, U.S. Naval Ammunition Depot, Quality Evaluation Labora-
tory (Crane, Ind.), June 15, 1964. (Available as NASA CR-58179, N64-27383.)

Anon.: Evaluation Program for Secondary Spacecraft Cells, General Per-
formance Test on General Electric Co., 12.0 Ampere-Hour Cells. Rept.
no. QE/C 64-6, U.S. Naval Ammunition Depot, Quality Evaluation Labora-
tory (Crane, Ind.), Apr. 8, 1964. (Available as NASA CR-53923, N64-19925.)

Russewr, C. R.; anp Seu1s, S. 'M.: An Analytic Representation of the Dis-
charge Characteristics of Commercial Secondary Batteries. Electrochem.
Tech., vol. 1, no. 3-4, 1963, p. 77.

BAUER, P.; anp Sparks, R. H.: Nickel-Cadmium Batteries for the Orbiting
Geophysical Observatory: Cell Characteristics, Charge Control- Concepts,
Battery Design. Vol.I. Rept.no.2315-6005-RU000, TRW Systems (Redondo
Beach, Calif.), Apr. 1, 1963.

Bruess, E. C.: Evaluation Program for Secondary Spacecraft Cells. Second
Annual Report, Jan. 1 to Deec. 31, 1965. Rept. no. CE/C 66-304, U.8. Naval
Ammunition Depot, Quality Evaluation Laboratory (Crane, Ind.), May 13,
1966. (Available as NASA CR-76034, N66-29760.)

Broop, R. J.: Electrical Properties and Kinetics of Electrode Reactions.
J. of Research, National Bureau of Standards, A. Physics and Chemistry,
vol. 65A, no. 4, 1961, p. 275.

Anon.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Gulton 6.0-Ampere-Hour Adhydrode Cells. Test Rept. no. QE/C 65-536,
U.S. Naval Ammunition Depot, Quality Evaluation Laboratory (Crane,
Ind.), July 28, 1963. (Available as NASA CR-64617, N65-33222.)



35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45.

46.

47.

NICKEL-CADMIUM BATTERIES 125

Anon.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Gulton 20.0 Ampere-Hour Cells. Test Rept. no. QE/C 63-317, U.S. Naval
Ammunition Depot, Quality Evaluation Laboratory (Crane, Ind.), June 14,
1963. (Available as NASA CR-55627, N64-16103.)

AnoN.: Ewvaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Gulton 12 and 20 Ampere-Hour Adhydrode Cells. Test Rept. no.
QE/C 67-1, U.S. Naval Ammunition Depot, Quality Evaluation Laboratory
(Crane, Ind.), Jan. 21, 1967,

Anon.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Gulton 12 Ampere-Hour Cells. Rept. no. QE/C 65-124, U.S. Naval
Ammunition Depot, Quality Evaluation Laboratory (Crane, Ind.), Feb. 186,
1965. (Available as NASA CR-57470, N65-19868.)

Anon.: Ewvaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Gulton 3.6 and 5.6 Ampere-Hour Cells With Vulecanized Neoprene Terminal
Seals. Rept. no. QE/C 66-69, U.S. Naval Ammunition Depot, Quality
Evaluation Laboratory (Crane, Ind.), Jan. 28, 1966. (Available as NASA
CR-70852, N66-19094.)

Axon.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Gulton 5.0 Ampere-Hour Nimbus Cells. Rept. no. QE/C 65-460, U.S.
Naval Ammunition Depot, Quality Evaluation Laboratory (Crane, Ind.),
June 23, 1965. (Available as NASA CR-63912, N65-29145.)

Aron.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Sonotone 5.0 Ampere-Hour Cells. Rept. no. QE/C 65-583, U.S. Naval
Ammunition Depot, Quality Evaluation Laboratory (Crane, Ind.), Sept. 2,
1965. (Available as NASA CR-67350, N65-35357, or NASA CR-67713,
N66-11672.)

Anon.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Sonotone 3.5 Ampere-Hour Sealed Cells. Rept. no. QE/C 66-340, U.8.
Naval Ammunition Depot, Quality Evaluation Laboratory (Crane, Ind.),
June 6, 1966. (Available as NASA CR-76520, N66-31895.)

Anon.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Gulton 3.5 Ampere-Hour Sealed Cells With the Plitt Seal. Rept. no.
QE/C66-709, U.S. Naval Ammunition Depot, Quality Evaluation Laboratory
(Crane, Ind.), Nov. 18, 1966.

Anon.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on Sonotone 3.0 Ampere-Hour Triple Seal Cells. Rept. no. QE/C 65-612,
U.8.. Naval Ammunition Depot, Quality Evaluation Laboratory (Crane,
Ind.), July 23, 1965. (Available as NASA CR-64353, N65-31031.)

AnonN.: Evaluation Program for Secondary Spacecraft Cells, Acceptance Test
on General Electric 5.0 Ampere-Hour Nimbus Cells. Rept. no. QE/C 65459,
U.8. Naval Ammunition Depot, Quality Evaluation Laboratory (Crane,
Ind.), June 23, 1965. (Available as NASA CR-64687, N65-33221.)

Beck, T. R.; anp Kemp, F. 8.: Heat Generation in Lunar Orbiter Battery.
Rept. no. D2-23612-1, Boeing Co. (Seattle, Wash.), Oct. 1964.

FoLey, R. T.; AND WEBsTER, W. H.: Research Into Fundamental Phenomena
Associated With Spacecraft Electrochemical Devices—Calorimetry of
Nickel-Cadmium Cells. Second Quarterly Report, Goddard Space Flight
Center, Oct. 1 to Dec. 31, 1966. American Univ. (Washington, D.C.).
No date.

Formv, R. T.; anp WeEssTER, W. H.: Research Into Fundamental Phenomena
Associated With Spacecraft Electrochemical Devices—Calorimetry of
Nickel-Cadmium Cells. Third Quarterly Report, Goddard Space Flight
Center, Jan. 1 to Mar. 31, 1967. American Univ. (Washington, D.C.).
No date. '



126

48.

49.

51.

52.

53.

55.

56.

57.

58.

59.

61.

62.

63.

BATTERIES FOR SPACE POWER SYSTEMS

Baver, P.; anp Sparks, R. H.: Nickel-Cadmium Batteries for the Orbiting
Geophysical Observatory. Vol. II. Rept. no. 2315-6008-RU000, TRW
Systems (Redondo Beach, Calif.), Feb. 12, 1964.

Carson, W. N.; ConsicLio, J. A.; aNp Niuson, R. R.: Charaeterization of
Nickel-Cadmium Electrodes. Final Report, Goddard Space Flight Center,
July 1, 1963, to Dec. 31, 1964. General Electric Co., Advanced Technology
Laboratories (Schenectady, N.Y.). No date. (Available as NASA
CR-63916, N65-20148.)

Havrerr, G.: Some Factors To Consider in Determining the Capacity of a
Nickel-Cadmium Cell. Rept. no. TM X-55610, NASA, Goddard Space
Flight Center, Aug. 1966. (Available as NASA N67-11393.)

Hennigan, T. J.; anp Sizemorg, K. O.: Auxiliary Electrode Instrumentation
for Nickel-Cadmium Cells. Rept. no. TM X-55471, Goddard Space Flight
Center, May 1966. (Available as NASA N66-24928.)

Brugss, E. C.: Evaluation Program for Secondary Spacecraft Cells. First
Annual Rept. no. QE/C 65-356, Apr. 1962 to Dec. 31, 1964. U.S. Naval
Ammunition Depot, Quality Evaluation Laboratory (Crane, Ind.), May 14,
1965. (Available as NASA CR-63424, N65-26408.)

AnoN.: Testing and Evaluation of Nickel-Cadmium Spacecraft Type Cells,
Final Report, Cook Electric Co., Inland Testing Laboratories, 1965. (Avail-
able as NASA CR-63181, N65-25404.)

Anon.: Testing and Evaluation of Nickel-Cadmium Spacecraft Type Cells.
Final Rept. mo. 9PD-4667-2, Jan. 1 to Nov. 1, 1965. Cook Electric Co.
(Dayton, Ohio). No date.

Crark, W. W.; anD INcLING, W. G.: Evaluation of Secondary Batteries. Pre-
sented at the 17th Annual Power Sources Conference (Fort Monmouth, N.J.),
May 21-23, 1963, p. 122.

Francis, H. T.: Space Batteries. Armour Research Foundation, 1964.
(Available ag NASA SP-5004, N64-18052.)

Anon.: Testing of Sealed Nickel-Cadmium Cells. Vol. III. Study of Rela-
tionship Between Acceptance Test Data and Nickel-Cadmium Cell Life.
Rept. no. ER 14473, Martin-Marietta Corp., The Martin Co. Division (Balti-
more, Md.), Jan. 1967.

MavucHry, J. W.; aNnp Warre, J. H.: Computer Methods for the Reduction,
Correlation and Analysis of Space Battery Test Data. Final Report,
Goddard Space Flight Center, May 1 to Dec. 31, 1966. Mauchly Systems,
Inc. (Montgomeryville, Pa.). No date.

MacKenzig, C. M.: Solar Power Systems for Satellite in Near-Earth Orbits.
Rept. no. X-716-67-77. Goddard Space Flight Center, Mar. 1967.

Warrngy, C. B.: Design and Development of a Hermetically Sealed 12 Ampere-
Hour Silver-Cadmium Cell in a Non-Magnetic Metallic Case. Rept. no.
D2-90023, Yardney Electric Co. (N.Y.), Aug. 1961 (rev. Feb. 21, 1962).

Grarr, C.: The Electrical Power System for the Pegasus Satellite. Rept.
no. TM X-53419, Marshall Space Flight Center. No date. (Available as
NASA N66-32609.)

Moses, E. G.: Design Techniques for an ATS-4 Power System. Rept. no.
X~716-67-59, Goddard Space Flight Center, Feb. 1967.

Sparks, R. H.; anp WriceaT, W. H.: Integral Electronic Charge Controls for
High Performance Secondary Batteries. Presented at Aerospace and Elec-
tronic Systems Conference (Los Angeles, Calif.), Oct. 3-5, 1966.

. Sizemorg, K. O.: Use of the Adsorption Hydrogen Electrode and the Oxygen

Fuel-Cell Electrode on Nickel-Cadmium Cells. Rept. no. TM X-55469,
Goddard Space Flight Center, Apr. 1966.



NICKEL-CADMIUM BATTERIES 127

65. LERNER, S.; AND SEiGER, H.: Characterization of Recombination and Control
Electrodes for Spacecraft Nickel-Cadmium Cells. Third Quarterly Report,
Goddard Space Flight Center, Dec. 9, 1966, to Mar. 9, 1967, Gulton Industries,
Inc. (Metuchen, N.J.). No date.

66. Lerner, S.: Characterization of Recombination and Control Electrodes for
Spacecraft Nickel-Cadmium Cells. First Quarterly Report, Goddard Space
Flight Center, June 9 to Sept. 9, 1966, Gulton Industries, Inc. (Metuchen,
N.J.). No date.

67. Camson, W. N.; anp Habey, R. L.: Auxiliary Electrode Space Cells. ATAA
no. 64-752. Presented at Third Biennial Aerospace Power Systems Confer-
ence (Philadelphia, Pa.), Sept. 1-4, 1964.

68. Anon.: Study Papers on the Auxiliary Electrode. Rept. no. PIC-BAT 209/9.
Power Information Center (Philadelphia, Pa.), Sept. 1-4, 1964. (Available
as NASA CR-67987, N66-11765.)

69. Strovur, E. R.: Analysis of Cadmium-Cadmium Coulometers Used for Charge
Control in Nickel-Cadmium Space Batteries. Rept. no. TM X-59021,
Goddard Space Flight Center, Sept. 1966. (Available as NASA N66-39923.)

70. Forp, F. E.; anp Liwskr, P. P. M.: Control Devices and Circuitry for Use
With Spacecraft Batteries. Rept. no. 93/66, U.S. Navy Marine Engineering
Laboratory (Annapolis, Md.), Apr. 1966. (Available as NASA CR-74787,
N66-24963.)

71. Liwski, P. P. M.: Control Devices and Circuitry for Use With Spacecraft
Batteries. Rept$. no. 25/65, U.S. Navy Marine Engineering Laboratory
(Annapolis, Md.), Apr. 1965. (Available as NASA CR-62959, N65-24894.)

72. Yaceruorer, F. C.: Design of the United Kingdom Scientific Satellite Solar
Power System. No. 2498-62. Presented at American Rocket Society Space
Power Systems Conference (Santa Monica, Calif.), Sept. 24-28, 1962.

73. Cartorri, A. J.; axp Reap, M. D.: Charge Control of Nickel-Cadmium Bat-
teries; Auxiliary Electrodes for Overcharge and Overdischarge Control.
Presented at the 19th Annual Power Sources Conference (Fort Monmouth,
N.J.), May 18-20, 1965, p. 63. '

74. Auuecro, F.; BeLove, L.; anp Vovenrzig, P.: High Capacity Sealed Nickel-
Cadmium Batteries, Presented at the 16th Annual Power Sources Con-
ference (Fort Monmouth, N.J.), May 22-24, 1962, p. 99.

75. RrrtErMAN, P.; anDp Spiger, H. N.: Hermetically Sealed Cells Capable of
Overdischarge as Well as Overcharge. Final Report, Goddard Space Flight
Center, Gulton Industries, Inc. (Metuchen, N.J.), May 1964.

76., Carorri, A. J.; AnD Reap, M. D.: Development of a Nickel-Cadmium Storage
Cell Immune to Damage From Overdischarge and Overcharge. Final
Report, General Electric Co., Battery Business Section (Gainesville, Fla.),
June 21, 1965. (Available as NASA CR-62019, N65-34228.)

77. Anon.: Battery Workshop. NASA Headquarters (Washington, D.C.),
Oct. 6-7, 1966.

78. ErsreiN, S. D.; anpD Warrg, J. H.: Computer Methods for the Reduction,
Correlation and Analysis of Space Battery Test Data. First Quarterly
Report, Jan. 1 to Apr. 30, 1967, Goddard Space Flight Center, Mauchly
Systems, Inc. (Montgomeryville, Pa.). No date.

79. Bourcaurr, P. L.; aAnp Conway, B. E.: The Electrochemical Behavior of
the Nickel-Nickel Oxide Electrode, Part I. Kinetics of Self-Discharge.
Canadian J. of Chem., vol. 37, 1959, p. 292.

80. Bauer, P.: Pressure Characteristics of Sealed Nickel-Cadmium Cells. Elec-
trochem. Tech., vol. 3, no. 1-2, 1965, p. 43.



128

81.

82.

83.

85.

86.

87.

89.

BATTERIES FOR SPACE POWER SYSTEMS

Lorsch, H. G.: Biocontamination Control. Space Aeronautics, vol. 46, no. 6,
Nov. 1966, p. 82. :
Liska, J.: Investigation of Sterilization of Secondary Batteries. Final Re-
port, June 26 to Oct. 26, 1966, Gulton Industries, Inec. (Metuchen, N.J.).

No date.

Ricuarps, R. N.: Heat Sterilization Testing of Nickel-Cadmium Cells. Final
Rept. no. 06030-6001-R000, TRW Systems (Redondo Beach, Calif.), Oct. 1966.

ArGUE, G. R.; MacKenzie, D. E.: McCorLLum, W. A.; aNp RecuT, H. L.: The
Effects of Radiation on Nickel-Cadmium Battery Electrodes.: Final Rept.
no. AI-65-66, North American Aviation, Inc., Atomics International Divi-
sion (Canoga Park, Calif.), Apr. 15, 1965. (Available as NASA CR-62796,
N65-24491.)

KreLcungr, R. E.; Nicuorson, M. M.; anp Recar, H. L.: Effects of High-
Energy Protons on Selected Cells. Final Rept. no. AI-66-149, June 1966
to Aug. 1966, North American Aviation, Inc., Atomics International Divi-
sion (Canoga Park, Calif.). No date.

CHERDAK, A. S.; GreEnBLATT, R. C.; AND MacKENzIE, C. M.: Nimbus Power
Systems. Rept. no. X-450-66-333, Goddard Space Flight Center, June 1966.

Srrovup, E. R.: The Battery for the International Ionosphere Satellite, Ariel 1.
No. 2510-62. Presented at the American Rocket Society Space Power
Systems Conference (Santa Monica, Calif.), Sept. 25-28, 1966.

BowmserGeR, D. C.; aAND Moosg, L. F.; Nickel-Cadmium Cells for the Space-
craft Battery. Rept. no. SP-32, Goddard Space Flight Center. Telstar I,
vol. 3, June 1963, p. 1687. (Available as NASA N64-11082.)

Suair, R. C.; BT aL.: Hermetically Sealed Sintered Plate Nickel-Cadmium
Secondary Batteries. Final Report, Gulton Industries, Inc. (Metuchen,
N.J.), July 1963. (Available as NASA CR-60819, N65-17518.)



CHAPTER 5

Silver-Cadmium Batteries

Although the silver-cadmium couple has been known for some time,
it has been intensively developed only since World War II. It has been
viewed as a compromise between the short-life, high-energy density silver-
zinc cell, and the long-life; low-energy density nickel-cadmium system.
It is presently the only system which can make cyclic orbital satellite
applications free of residual magnetic properties. It has been flown in a
number of satellites, generally with good success. The silver-cadmium
cell is available in both sealed and vented configurations, the sealed type
being most common in aerospace applications.

CHEMISTRY

The chemistry of the cadmium electrode is nearly identical in both
the silver-cadmium and nickel-cadmium cells. (See ch. 4.) A sig-
nificant exception is the lower O, recombination rate at the pressed
powder cadmium electrode. Hennigan (NASA GSFC, private com-
munication) states that observed recombination rates are one-twentieth
of those observed in sintered electrodes. The chemistry of the silver
electrode is identical with the positive electrode of silver-zinc cells. (See
ch. 6.)

STRUCTURE

Cell geometry, materials, and methods of construction of both the
silver electrode and the separators is similar to that of the silver-zine
cel. (See ch. 6.) The cadmium electrode, however, usually has a
different, construction than the nickel-cadmium cell.

Although other methods have been used, including the porous nickel
plaque found in the nickel-cadmium cell, most silver-cadmium cells
employ pressed powder or pasted cadmium electrodes.

Finely divided precipitated cadmium hydroxide is mixed with water
and a binder to form a heavy paste, which is applied to a silver mesh.
The pasted electrode is then dried, wrapped in a thin layer of porous
paper, and pressed into the mesh to insure good contact.

ELECTRICAL CHARACTERISTICS

Although the electrical characteristics of the silver-cadmium and
silver-zine cells are similar, the silver-cadmium cell operates at a lower
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voltage. These characteristics combine the highly reversible properties
of the cadmium electrode with the two-step characteristics of the silver
electrode.

DiscHArRGE CHARACTERISTICS

Figure 5-1 shows a typical discharge curve for a silver-cadmium eell,
and illustrates the significant portions of the curve. As described in
chapter 2, regions A and B are typical of the onset of polarization and of
the discharge plateau. Region C is the transition between the upper and
lower discharge plateaus. The voltage of the upper plateau is character-
istic of the reduetion of divalent silver to the monovalent state, and the
voltage of the lower is characteristic of reduction of monovalent to
metallic silver. In an ideal cell, starting at the fully charged state, this
transition region would be expected to occur at the 50-percent state of
charge. In practice, the upper plateau rarely occupies more than 20 to
30 percent of the discharge capacity of the cell, and may disappear
entirely under some circumstances. In figure 5-1, both reactions are
occurring simultaneously at the lower plateau voltage.
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Figure 5-1.—Typical discharge curve
for a silver-cadmium cell.

Region D, known as the dip, often appears at the start of the lower
plateau at the temperature of test. With continued discharge, however,
the plateau voltage rises to the level of region E due to internal temper-
ature increases and the increasing conductivity of the silver electrode as
metallic silver replaces the relatively poorly conductive Ag,0. At low
discharge rates, the dip is not observed. The amplitude of the dip will
also vary with the structure of the electrodes. Region F is the usual
exhaustion region.

The literature provides several sources of discharge-characteristic data,
each related to a different cell and not directly comparable to other cells
due to the practice of the cell manufacturers of optimizing a cell for its
application by varying the type and number of layers of separators and
absorbents; the amount and concentration of the electrolyte; the number,
composition, and structure of the electrodes; and other variables. Data
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are reported by Stafford on Yardney 3-A-h and 5-A-h cells (ref. 1) and
by Biess on 12-A-h cells (ref. 2). Similarly, Whitney (ref. 3) reports on
3-A-h cells specially designed for operation in a 100-minute orbit. No
structural details are given. Imamura (ref. 4) reports on the Yardney
YS 12 8-1 and YS 12 S-2, which differ in that YS 12 8-2 contains addi-
tional absorbent layers and omits the use of a polyvinyl alcohol film
separator adjacent to the silver electrode. This results in cells of im-
proved performance but degraded resistance to silver migration. The
Imamura data are shown in eurrent-voltage form in figures 5-2 and 5-3.
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All of the data examined show very erratic behavior of the cell, and
considerable variation from cell to cell in the region of the upper plateau,
in spite of the similarity of performance in the lower plateau region.
Apelt and Hennigan (ref. 5) have observed a complete suppression of the



132 BATTERIES FOR SPACE POWER SYSTEMS

upper discharge plateau after long periods of trickle charge. As a result,
it is usually not practical to design systems dependent upon the avail-
ability of energy at the upper plateau voltage.

1.08

11~
an

o
[
y
a

«
8
>0
wh /
Q
<
5
2
>
> 1.00
=
[*r)
© / NORMALIZED
CURRENT
Ach
0.98 0.5
Y¥5-55-C-3
.04
590
¥5-55
0.96 .00
0.94

30 50 70 90 110
. TEMPERATURE,® F
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Variation of discharge characteristic with temperature is manifested
in several ways, and Stafford et al. (refs. 1 and 2), Kemp and MacLean
(ref. 6), Banks et al. (ref. 7) observed that the upper voltage plateau
decreases in duration as the temperature increases. Charkey (ref. 8),
however, found that the upper plateau disappeared when the cell was
discharged at low temperature (—10° C). Stafford et al. (refs. 1 and 2)
measured the shift in plateau voltages with temperature and with eurrent,
and Banks et al. (ref. 7) give parametric data on the variation of plateau
voltage as a function of current with temperature as a third variable.
Figure 54 shows the variation in discharge plateau voltage as a function
of temperature according to Stafford.

A variation in capacity as a function of temperature and charge rate
is reported by Stafford et al. (refs. 1 and 2) and Imamura (ref. 4). This



SILVER-CADMIUM BATTERIES 133

variation is due, however, to the inability to return the cell to the fully
charged state at low temperatures and high charge rates. Banks et al. -
give parametric data on the recharge of silver-cadmium cells, showing
the maximum state of charge achievable under various conditions of
charge, current, and temperature.

CHARGE CHARACTERISTICS

Except for a somewhat lower voltage, the charging characteristics
of the silver-cadmium cell are similar in nature to those of the silver-
zine cell. Figures 5-5 through 5-7 show current-voltage characteristics
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Figure 5-5.—Current-voltage charge char-
acteristic of Yardney YS 12 S-2 silver-
cadmium cell at 40° F. State of charge as
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of the YS 12 S-2 cell on charge at different temperatures. A typical
charge curve showing voltage at constant current as a function of charge
time is given in figure 5-8. At a state of charge of approximately 30
percent, the transition between the lower and upper plateau occurs. The

\/—1/

VOLTAGE

TIME

Figure 5-8.—Typical silver-cadmium
constant-current charge curve.

terminal voltage of the cell goes through a well-defined peak (region C)
before falling to the level of the upper plateau. The magnitude of the
intermediate peak changes with current and temperature and under
some circumstances can be great enough to interfere with charge control.
Stafford (ref. 1) has characterized the 3- and 5-A-h cell in the upper and
lower plateaus and in the region of the intermediate peak (fig. 5-9) and
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shows data on the variation of these characteristics with current and
temperature. Imamura performed extensive charge-characteristic meas-
urement with current and temperature as independent variables. The
results of this measurement are shown in the form of the current-voltage
curves of figures 5-5 through 5-7 and as a temperature compensation
curve of figure 5-10.
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Figure 5-9.—Peak charge voltage versus
temperature.

Voltage variation with temperature at constant current and state of
charge appears to be linear in the YS 12 S-2 cell and the YS 58 C-3 cell,
but nonlinear in the YS 5 S cell (ref. 1). Stafford (ref. 1) shows a temper-
ature coefficient of 0.52 mV/°F, and an analysis of the Imamura data
shows a coefficient between 0.62 and 1.2 mV/°F, depending upon the
state of charge of the cell.

The slopes of the current-voltage curves, which are equivalent to
0.004 ohm from 40° to 110° F, do not vary with temperature in the
upper plateau region. They do appear to vary, however, in the lower
plateau region, decreasing with increasing temperature from 0.009 at
40° F to 0.006 ohm at 110° F. (¥S 12 S-2 cell, Imamura data.)
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OVERCHARGE (CHARACTERISTICS

Unlike the nickel-cadmium system, the silver-cadmium cell will
tolerate only limited amounts of overcharge. Precise data on the rela-
tionship between current, voltage, temperature, and pressure are not
available. Biess et al. (ref. 2) measured the effects of temperature on
voltage and current but did not report cell pressures, so that it is not
possible to evaluate the effects of long periods of constant potential float,
or constant current overcharge using these data. Charkey and Dalin
(ref. 9) show a buildup of hydrogen pressure to 50 psi during the first
100 days of overcharge of the negative electrode at a current density
of 0.1 mA/in.? followed by a falloff in pressure. This, however, was in
an experimental cell with no free electrolyte, making the available
recombination surface higher than that normally found in the silver-
cadmium cell.

EFFICIENCY

Stafford (ref. 1) measured the ampere-hour efficiencies of silver-
cadmium cells of two types, finding average efficiencies of 0.946 and
0.994. The lower efficiency cell was a cell of 3-A-h capacity in a 5-A-h
case, designed for high-rate operation. No explanation is given for the
deviation of efficiency from the theoretical 1.000. In all probability,
the deviation is due to the generation and recombination of small amounts
of oxygen gas on overcharge. In any event, the ampere-hour efficiency
of the silver-cadmium system may, for practical purposes, be taken to
be 1.0, and the watt-hour efficiency is then equal to the ratio of output
voltage to charge voltage.

NAD Crane (ref. 10) measured the overall efficiencies of 4-A-h silver-
cadmium cells developed by the Eleetrochimica Corp., Menlo Park,
Calif., operating at 65 percent depth of discharge. After the initial cycles,
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which showed efficiencies greater than 100 percent, expressing a change
in the average state of charge for each cycle, the measured efficiencies
stabilized at a level between 86.1 and 96.8 percent. Lower efficiencies
appear to be associated with higher charge currents, but, because of
variations in the test, it is difficult to assign causes to the variation in
efficiency. :

IMPEDANCE

The impedance of silver-cadmium cells varies considerably with the
state of charge, in a manner similar to that of silver-zine cells, going
through a large peak during the transition between upper and lower
plateaus. Imamura (ref. 4) measured impedances of the YS 12 S-1
and -2 series cells as a function of frequency throughout the discharge
period using the ac bridge method. Figure 5-11 shows the impedance
of a two-cell YS 12 S-2 battery superimposed upon a battery-discharge
curve,
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Ficure 5-11.—Impedance characteristics of
two series-connected YS 12 S-2 cells during
4-amp discharge.

O Two-cell voltage ¢ Impedance at

400 cps
[0 Impedance at A Impedance at
10 eps 2461 cps

It is to be expected that the impedance will go through a similar peak
on the charge cycle. This high impedance peak, coincident with the
transition between upper and lower plateaus, is popularly ascribed to the
high resistivity of Ag,0 in comparison with that of AgO and metallic
silver. The transition region is therefore the point of highest bulk
resistivity of the electrodes. Much of the AgO has been consumed and
the amount of metallic silver has not yet increased to the extent necessary
to improve the conductivity of the active material.

HEAT EVOLUTION AND ABSORPTION

The basic principles governing heat effects in batteries as stated in
chapter 2 apply to silver-cadmium cells. However, the peculiarities in
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the thermal behavior of these cells result from the irreversible behavior
of the silver electrode, and are very similar to those encountered in the
silver-zine cell. Consequently, heat effects in both types of cells are
discussed here.

The ampere-hour efficiency of both silver-zine and silver-cadmium
cells is approximately unity when they are neither overcharged or over-
discharged. Consequently, equation (2-16) is valid for both charge and
discharge cycles. However, because two simultaneous reactions can
occur at the silver electrode throughout a significant portion of either the
charge or discharge periods, predictions of heat rate may be in error,
based upon the assumption of the division of current between the two
reactions.

If the cell were on the upper plateau of discharge or the lower plateau
of charge, and if only one reaction were in progress, a reasonable predic-
tion of heat rate could be obtained from equation (2-16). If, however,
the true transition point between the upper and lower plateaus is assumed
to oceur at 50 percent state of charge, and the reactions to occur sequen-
tially (when, in fact, they occur simultaneously throughout much of the
cycle), the predicted heat-evolution rate will be high during the early
stages of the cycle and low beyond the 50-percent mark. The total heat
evolved during the entire cycle, represented by the area under the curve,
will be fairly aceurately determined. Heat evolution in a silver-cadmium
battery was computed in this manner by Banks et al. (ref. 7) as a part of a
computer battery design program. Rowlette (ref. 11) computes the heat
evolved in the silver-zine Surveyor battery by the equation

g=I(Ex—Er)
where E, is the terminal voltage of the cell, and E,; = —AH/2F.
This translates directly to equation (2-16) in that
EH =K rev+ TAS
where AS is in volts/degree K.

Figures 5-12 and 5-13 show typical predicted versus actual heat output

curves resulting from this work.
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FigUure 5-12.—Heat-generation
rates of silver-zinc Surveyor bat-
tery on 3-amp charge.
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Frgure 5-13.—Heat-generation
rates of silver-zine Surveyor
battery on 7-amp discharge.
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Gross (ref. 12) shows a combination of flow calorimeter and space-
craft system simulator designed to measure the heat-generation rates and
temperatures of complete batteries by measurement of heat rejection to a
water-cooled baseplate. No data have been produced as yet. Also see
reference 13.

STERILIZATION

Because the materials used in the silver-cadmium cells, including
cases, separators, electrolyte, and silver electrodes, are similar to or
identical to those used in the silver-zine cell, all tests on individual
materials other than the cadmium electrode are reported under silver-zine
(ch. 6).

Tests on the cadmium electrode were performed by Jet Propulsion
Laboratory on cadmium electrodes manufactured for the purpose by the
Electric Storage Battery Co. (ref. 14). Cadmium electrodes sterilized in
40 percent KOH electrolyte at 145° C in the charged state lost all of their
capacity during the sterilization cycle. This loss was attributed to oxida-
tion by the residual air in the sterilization chamber. Attempts at re-
charging the sterilized electrode failed because only about 20 percent of
the theoretical capacity was attainable.

Discharged electrodes sterilized under the same conditions exhibited
similar behavior. However, when the limiting potential applied by the
charger was raised, the electrode accepted charge at the higher voltage,
and subsequently at normal charge voltages. It was concluded that the
sterilization process induced high-resistance behavior in the cadmium
electrode, which reverted to normal after a single formation charge.

MAGNETIC PROPERTIES

The Eagle-Picher Co. (ref. 15) reports the use of silver grids and
stainless-steel current leads between grids and terminals. Attempts at
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using 18 percent nickel silver and cupro nickel as grid alloys were un-
successful because of excessive resistance. Stainless steel was also not
usable as a grid because excessive work hardening made the material
too difficult to use. Annealing in inert gas left a hard oxide coating on
the stainless steel.

The Yardney Electric Corp. (ref. 16) attempted the development of
a metal-encased nonmagnetic silver-cadmium cell. An interim design
using tin-coated brass was unsuccessful because the soldered joints failed
to provide a hermetic seal.

Cells were constructed using 310 stainless-steel cases over inner plastic
cases, but subsequent tests (ref. 6) showed an excessive failure rate
associated with leaking and loss of capacity.

Measurements on the magnetic field of a battery, consisting of 22 series-
connected 12-A-h cells in two rows of 11, are reported by W. H. Scott
(TRW Systems, private communication). The wiring was laid out in a
single loop. The maximum field strength, reported in the table below,

Magnetic field, gamma at

Condition: 1 ft from center
Open circuit......_._ 10-23
1-A discharge........ 200~-250
3-A discharge.....__. 2000-3000

occurred in a direction normal to the plane of the wiring loop. Hennigan
(NASA GSFC, private communication) reports less than 8 gamma at
18 inches with 3 amperes flowing. The large difference is probably due to
differences in wiring or in loop orientation.

SERVICE LIFE

The expected service life of silver-cadmium cells bas so far defied
rational prediction, largely because the cells tested and the test conditions
have varied so widely that no correlation seems possible among them.
Frink (ref. 17) summarizes the cycle life of silver-cadmium batteries
in tabular form, but provides no references to the original data. Francis
(ref. 18) summarizes the cycle life of silver-cadmium batteries in the
form of a plot of log showing cycle life as a function of depth of discharge.
However, most of the data are based upon tests in progress, and must be
considered as preliminary.

The available NASA-sponsored data on the service life of silver-
cadmium cells consist of two series of tests conducted for the Boeing
Co. and one series conducted by NAD Crane. The Boeing (refs. 3 and 6)
tests were on three-cell batteries at several depths of discharge, in a 100-
minute orbit, and using a solar-array simulator which applies a poorly
regulated modified constant potential charge control to the battery.
NAD Crane (ref. 19) conducted tests in several different types of cellsin a
24-hour orbit at a 20-percent depth of discharge and varying temperature.
Tests for Boeing were conducted (ref. 6) on 12-A-h silver-cadmium cells
packaged in an inner plastic case surrounded by an outer metal case,
operated at 35 percent depth of discharge in a 100-minute orbit. A few
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additional scattered tests of different types of cells are also found (refs.
10 and 15). These data are summarized in figure 5-14, which shows the
initial failure and, where available, the failure range of cells in a 100-
minute orbit. Clearly, it has not been possible to duplicate the promise
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Ficure 5-14.—Cycle life of silver-cadmium
cells.

of these early data on cycle life. Cycle life in the 24-hour orbit at 20 per-
cent depth of discharge has been found to fall between 34 and 200+
cycles at a 20-percent depth of discharge. It is not clear why operation
in a longer orbit with its slower charge should decrease life. Since
NAD Crane (ref. 19) used a limit of 1.50 volts per cell, compared with
the Boeing limit of 1.60 volts per cell, differences in charge-voltage limit
and consequent failure to recharge may be partially responsible.

WET- STAND- TIME

No test data on wet stand-time of silver-cadmium cells was found.
Manufacturers’ claims are for stand times of up to 3 years, but it is not
stated whether fully charged or discharged. Hennigan (NASA GSFC,
private communication) reports 23 percent loss of capacity after 1.5 years
at 25° C in the charged condition.
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CHARGE AND DISCHARGE CONTROLS

The sensitivity of the silver-cadmium cell to the charge-control
method is somewhat greater than that of the sealed nickel-cadmium cell,
due mainly to the lack of tolerance of the silver-cadmium system for
extended overcharge. The manufacturers recommend charging of vented
cells to an end voltage of 1.55 to 1.70; the higher value offers maximum
capacity, while the lower offers minimum maintenance.

Impact oF CuArRGE ConTrOLs UPON SERVICE LIFe

The requirement for sealing cells for operation in a space environment
imposes severe problems in control of charge to the battery. Excessive
overcharge leads to generation of gases, followed by mechanical failure
of the cell cases due to overpressure, since the presence of excess elec-
trolyte prevents the use of negative-electrode surface for recombination
at useful overcharge rates. In common with most cells, the most con-
venient means of eliminating excessive overcharge is to limit the voltage
which is applied to the cell to some value at which the rate of evolution
of oxygen from the silver electrode is small enough to enable recombina-
tion. Failure to do this will seriously limit the service life of the cell.
At the same time, unless a long time is available for charging the battery,
it is necessary to raise the end-of-charge voltage limit above the level
reached by the intermediate peak (between lower and upper plateaus).
If this is not done, on modified constant potential charging, the battery
will undergo a period of slow charge until the intermediate peak is passed.
Under some circumstances, this period can be several hours long. In
short-time orbits, such as the 100-minute orbit, the battery will fail to
recharge and a premature system failure will result. This is not a
battery failure in the sense that, after failure, the battery may then be
operated successfully in another charge control mode.

DEeTECTION OF CHARGE COMPLETION

Two methods have been proposed for detection of charge completion:
measurement of battery or eell voltage, and measurement of oxygen pres-
sure with an auxiliary electrode. Although systems have been selected
for several spacecraft, only one documented instance was found in the
NASA-sponsored literature of a study of alternative charge-control
procedures, and selection of the optimum based upon the best knowledge
at the time. Biess et al. (ref. 2) studied the charaecteristics of the silver-
cadmium system, and concluded that the optimum charge-control system
for the 100-minute orbit case was the modified constant potential method,
compensated for temperature in accordance with the equation

where V'=38.40—0.024 (T—30)

14 voltage of a 24-cell battery
T battery temperature in degrees F

During long periods of continuous sunlight, the battery, after charging,
remained open circuited until an undervoltage occurred, upon which it
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was automatically switched in to supply the loads. Constant potential
float was avoided for long periods to prevent oxidation of the metallic
silver current collectors and consequent failure of the battery. The
temperature-compensation relationship was determined by measurement
of the intermediate charging peak, and setting the voltage level at each
temperature high enough to prevent interference with battery charging.
Current was controlled to a limiting value of 2 amperes. Batteries
employing this charge-control method failed after 3 to 6 months in orbit
because of cell divergence. Hennigan (NASA GSFC, private communi-
cation) reports a survival time in orbit of more than 400 days for a
silver-cadmium battery in the FR-1 satellite. Charge control for the
17-percent depth of discharge, 100-minute orbit period mission was mod-
ified constant potential, using a temperature-compensated voltage limit
which varied from 1.5 volts per cell at 40° C to 1.6 volts per cell at 0° C.

Carson et al., in a compendium (ref. 20), investigated the use of auxiliary
electrodes for charge control of silver-cadmium cells, finding that the
operation of cells in which a platinum-catalyzed electrode was connected
to the cadmium electrode failed due to the growth of silver dendrites from
the silver electrode to the auxiliary electrode. The auxiliary electrodes
were wetproofed to prevent flooding by using Teflon as a binder for the
catalyst and current collector materials. Hennigan (NASA GSFC,
private communication) states that the formation of dendrites is due to
severe overcharging; subsequent cells made at GSFC and subjected to
little overcharge lasted for 2 years. Cells were three-fourths flooded.

The use of auxiliary electrodes in silver-cadmium cells appears less
attractive than their use with nickel-cadmium cells because of the re-
quirement for flooded operation of the silver-cadmium system. In a
gravitational field, this disadvantage may be overcome by proper design
and orientation in the field so as to leave the auxiliary electrode in the
airspace above the electrolyte. In zero-G operation, however, the
unpredictability of location of the electrolyte makes necessary alternative
means of assuring that the electrode is not completely immersed in the
electrolyte, and thus isolated from the gas.

CEeLL DIVERGENCE

The problems of cell divergence in the silver-cadmium cell are similar
to thosé described in chapter 2, but the difficulties in charge control
caused by such divergence are far more severe than those encountered
in unsealed cell systems or in the sealed nickel-cadmium system. This
situation results from the lack of tolerance of extended overcharge of the
silver-cadmium cell, and from the unpredictability of placement in the
charge cycle of the transition between lower and upper platgaus. Many
of the cases in which failure has been observed have coincided with the
appearance of one or more divergent cells.

TRW concluded from an analysis of telemetered data and laboratory
test data that the failure of several silver-cadmium batteries was due to
severe divergence of the characteristics of one gr more cells from that of
the others (ref. 21), permitting cell voltage on charge to exceed normal
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levels. Similar phenomena were also noted in tests conducted for
Boeing Co. (refs. 3 and 6) on silver-cadmium cells,

THERMAL-INTERFACE PROBLEMS

The thermal-interface problems.encountered in the use of the silver-
cadmium system are similar in character to those described earlier.
Because of the lack of tolerance of overcharge, the likelihood of thermal
runaway as encountered in the nickel-cadmium system is slight, although
it is theoretically possible. Heat evolution during charge and discharge
is greater than in the nickel-cadmium system because of the large differ-
ence between reversible potential and operating potential during the
middle half of the charge and discharge periods.

Charge control of the silver-cadmium cell is highly sensitive to the
effects of temperature in spite of the large increase in potential at the
end of charge because of the sensitivity of the magnitude of the inter-
mediate peak to temperature variations.

SYSTEMS-INTERFACE PROBLEMS

The large difference between charge voltage and discharge voltage
of the silver-cadmium cell results in poorer regulation than with any of
the other common types of battery. A 20-cell system, designed so that
the silver-cadmium battery controls the voltage of the main power bus,
would vary in voltage from 20 volts at end of discharge to 32 volts at end
of charge. System regulation can be improved by the use of boost
charging, boost discharging, and other methods (all of which introduce
switching problems), or by the use of a postbattery regulator, which
imposes an efficiency penalty in some cases. Sinece all secondary batteries
impose a penalty either in system regulation or in complexity or efficiency,
the silver-cadmium system has no serious system penalties other than
those of charge control and thermal control, discussed previously.

FAILURE MODES

Silver-cadmium cells can fail in several ways. Silver migration and
reaction with the separator are discussed under silver-zine cells (ch. 6) and
will not be repeated here. Mechanical failures such as perforation of
the separator, poor welds, leakage of electrolyte or gases from imperfect
seals can also occur. (See ch. 2.)

Whitney (ref. 3) presents data which illustrate clearly the occurrence
of cell divergence in a three-cell battery. Kemp and MacLean (ref. 6)
also show data in which low voltages of a few cells of a battery result in
application of excessive voltages to some of the companion cells. The
low-voltage cells failed first, often accompanied by leaks. These data,
taken on cells with an exterior steel case covering the plastic one, may
not be directly applicable fo the plastic-cased cells.
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TRW Systems performed a comprebensive failure analysis on the
silver-cadmium battery in OGO II, which failed after 1027 revolutions.
It was concluded that the failure was due to open circuiting of one cell of
the battery by loss of electrolyte. The mechanism proposed is that of
divergence in cell characteristics resulting in overcharge of one of the
cells at excessive voltages, generation of high internal pressures, and
opening of the plastic case. The phenomenon was reproduced in the
laboratory (ref. 21).

A similar battery (ref. 21) on life test did not fail in this way, but
instead failed due to an internal short circuit in one of the cells (although
divergence symptoms were also seen).

The Boeing Co. (ref. 6) has observed a slight depression in the dis-
charge curve of cells which have been cycled at constant depth of dis-
charge for long periods, and suggests the possibility that this may be
comparable to the memory effect in nickel-cadmium cells. Since the
cadmium electrodes are of entirely different structure in the two types of
cells, this possibility cannot be ruled out.
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caAPTER O

Silver-Zinc Primary and Secondary
Batteries

The silver-zinc couple, one of the earliest battery systems, was used as
a source of power as early as 1800. Alessandro Volta made use of 2
series-connected string of vessels, each containing a silver and a zinc rod
in dilute acid solution. In 1899, additional interest was generated in
the rather expensive curiosity by Junger; however, it was not until
1910 that Morrison patented the first silver-zinc alkaline cell. The
first practical silver-zine cell was developed by Henri André in the late
1920’s. André was able to reduce the effect of solubility of the electrodes
by using a semipermeable membrane to prevent migration of the active
materials and the consequent rapid deterioration of the negative electrode.
Development of the silver-zinc system was accelerated as the need for
high-energy density batteries increased during World War I1. Batteries
were developed for primary, limited ecycling, and extended ecycling
applications.

CHEMISTRY (Refs. 1 and 2)
PosiTive ELECTRODE REACTIONS

The silver-zine alkaline cell is characterized by two distinet voltage
plateaus on charge and discharge. Open-circuit voltages of these plateaus
are approximately 1.60 and 1.86 volts. The reaction occurring at the
silver electrode at the lower voltage plateau is

: Charged Discharged
Ag, 0+H,0+2¢ = 2Ag+20.H— *
E_ ,=0.34—.059 log a*(OH)" (6-1)
and that at the higher voltage plateau is
Charged* Discharged
2Ag0-+H,04-2¢~ = Ag,0+20H"
E__ =0.57—.059 log a?(OH) " 6-2)

On charge, the reactions occur in the direct opposite to that written.
As can be seen from equations (6-1) and (6-2), the charge and dis-
charge processes of the silver electrode occur in two discrete steps,
each with a unique reversiblé potential. Butler (ref. 3) studied the

!There is some doubt as to the precise structure of the charged-state compounds.
147
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charging processes at the silver electrode. The initial stage of charge,
beginning with a silver electrode containing no silver oxides, was ex-
amined at constant potential. After an initial unexplained decrease,
the current rose for a brief period. This rise was attributed either to
an increase in the effective surface area of the electrode as the solution
penetrated the pores of the oxidized surface, or to changes in the over-
potential of the electrode engendered by changes in the surface. . The
rest of the charging process was studied at constant current. The
potential rises rapidly at first, leveling off at the plateau voltage corre-
sponding to the production of Ag,0. At the end of the first plateau,
the potential rises again, going through a distinect peak and then faling
to a plateau higher than the first, corresponding with the oxidation of
monovalent silver oxide (Ag,0) to divalent silver oxide (AgO). (The
intermediate peak between the lower and higher plateaus of the charging
curve appears in the charging curves of working cells, and may cause
difficulties, sinece it interferes with charge control.)

Butler summarizes the theories advanced to account for this inter-
mediate peak. The two principal theories are: (1) the high resistance of
Ag,0; and (2) passivation resulting in high-current densities as the last
of the available surface silver is oxidized. He suggests studying the
effects of surface area to find a resolution between the two theories.
Such studies are now being conducted by Blackman and Butler (ref. 4).
To elucidate the processes in the alkaline silver electrode, Blackman and
Butler (ref. 4) have plotted equipotential maps from which the distribu-
tion of current densities across circular electrodes may be determined.

Data on the oxidation and reduction of silver in a potassium-hydroxide
solution were obtained by the triangular potentiostatic sweep method, and
are presented in reference 5. In this method, a sweep is applied in which
voltage is varied with time as a triangular function and the corresponding
current is recorded. Peaks in the current plot result from the opposing
effects of an increasing rate of electron transfer and a depleting of electro-
active species at the electrode surfaces.

The surface area work done by Blackman and Butler (ref. 4) led to
studies of electrode gassing on pyrolysis. These studies found that
varying amounts of carbon monoxide and carbon dioxide were evolved in
oxygen, while ethane and ethylene were evolved in hydrogen. This
demonstrates that a carbonaceous deposit is present in commercially pre-
pared sintered silver electrodes, attributed to organic binders used in
electrode production. Considerable variability was found in carbon
content from plate to plate of a single manufacturer and between different
manufacturers.

Experiments with electrodes containing argentic-oxysalt compounds
(ref. 6) showed the feasibility of using these compounds which deliver
higher half-cell potentials and higher energy densities than AgO. Polari-
zation and temperature-voltage curves were developed. Utilization
efficiencies between 94 and 100 percent were found in experimental cells.
High polarization losses and somewhat difficult electrode preparation
limit the applicability of argentic-oxysalt electrodes. Thermodynamic
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and weight comparisons between argentic-oxysalt electrodes and AgO are
presented in tables 6-1 and 6-11.

TaBLE 6-1.—Thermodynamic Values for Silver Oxides at 25° C

dE/dT, |Enthalpy,| ¥ | Entropy,

Reactants V/°K AH, keal :ﬁelgﬁl AS, e
2[2Ag(Ag0s)2- AgNO;]+4Zn. .| —2.26 X103 —496.0 —371.2 —83.3
2(6Ag0- AgNO;) +2KOH+6Zn..| 1.01X10-4 ~434.4 ~442.8 28
2Ag0+2Zn oo 5.70X10-¢ —84.8 —85.6 2.68
TAGOF+Ta0 e et —1,69X10* —~533.4 —518.0 —~51.7

TaBLE 6-I1.—Molecular Weighti—Coulombic Content Equivalent
Weight of Silver-Ozygen Compounds

Coulombic
<Ei)11-)c::1i;: Equiva- | content
Molecular Co;ﬂzg;ll;ic voltage we?nfxt n?:p : ril—
e y : . T
Compound weight | electrons/ aga.u:lst Zn g/%V det:i'-y
molecule 49‘5“0 exﬁ:;gt electrons/ | mined,
OH molecule | electrons/
molecule
2Ag(Ag0s)2- AgNOs_ - 945.3 17 2.01 55.6 17
2Ag (Ag0q)2 AgeSO4- - 1087 18 2.01 60.2 18
2Ag(Ag0s)2- AgSO,. ... 979.4 18 [ovomoee 544 | oo -
2Ag (Ag02),- AgF-HF -
1V8H O oeeeeee e 949.3 17 2.01 55.8 | 17
AgOo o 123.9 2 1.85 62.0 2
2Ag:04-AgClO4 oo 982.8 17 Jooooeee o 578 |
AgiO. e 231.8 2 1.60 1159 | . ...
6Ag0-AgNOs_ ____..___ 913.3 13 1.60 70.3 15

NEeEGATIVE ELEcTRODE REACTIONS
The reaction occurring at the zinc electrode is

Charged Discharged
Zn+20H = ZnO+H,0+2~ (6-3)
or Zn+40H = Zn(OH),+2
0.059 a (ZnOH)
Etev= 1.22— 10g p
' 2 a (OHY (6-4)

Work is being conducted at Idaho State University (ref. 7) to determine
which reaction is valid. As written, reaction equation (6-4) results in a
relatively high solubility of the-zine oxidation product in a potassium-
hydroxide solution. The zincate then undergoes very slow decomposition
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to zine oxide. This characteristic is a major drawback in the zinc
electrode.
The self-discharge reaction of the electrode may be written

Zn+20H-+2H,0=7Zn(OH),~+H, (6-5)

The reaction proceeds slowly because of the high hydrogen overvoltage on
zine (approximately 0.5 volt). By adding mercury to the negative plate,
the overvoltage can be maintained at a high level (ref. 8). Thermody-
namic values for the reversible reactions are given in table 6-1.

The solubility of zine oxide in potassium hydroxide is one of the
major limitations to the extended operation of silver-zine cells. The
dissolution and replating of zinc during cycling of cells has been the object
of extensive investigation. Through a literature search and experimenta-
tion, the Electric Storage Battery Co. (ESB), Raleigh, N.C. (ref. 9),
compiled data on the following:

(1) Conductivity of potassium hydroxide solutions.

(2) Dissolution of zine in potassium hydroxide at various tem-
peratures.

(3) Solubility of zinc oxide in potassium hydroxide as a function
of concentration and temperature.

(4) Solubility of zine oxide in potassium hydroxide at elevated
temperatures.

(5) Vapor pressure of potassium-hydroxide solutions.

This information is useful in calculating diffusion constants and cell per-
formance, and in optimizing operation under various environmental
conditions.

GAS EVOLUTION AND RECOMBINATION
GENERAL

Hydrogen and oxygen gas may be evolved in the silver-zine cell during
charge, discharge, and stand. In vented cells (normally found in missile
systems and short-duration space applications), the evolution of gases at
low rates does not present a serious problem. However, in sealed-cell
operation (longer duration space applications, secondary space batteries),
the evolution of gas may result in premature cell failure due to case
rupture.

GassiNG ON CHARGE

When all available active materials have been consumed on charge,
the overpotential increases until gassing occurs. In a balanced cell,
oxygen is evolved at the silver electrode and hydrogen at the zinc elec-
trode. Since the most common form of cell construction includes an
excess of zinc-active material, oxygen is the only gas normally evolved
on completion of charge and on overcharge.

The oxygen generated at the silver electrode diffuses to the negative
electrode where it combines with metallic zinc to form zinc oxide. On
continued charging, this is reconverted to zinc metal. If an equilibrium
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is reached between gas generation and recombination rates, no pressure
buildup occurs. Dalin et al. (ref. 10) report a recombination rate for
oxygen at a rotating electrode, equivalent to 8.4 yA/cm?

Any hydrogen generated on overcharge may recombine at an exceed-
ingly low rate (the equivalent of 1.0 yA/cm? under ideal conditions
at 25° C at an Ag,O electrode). The rate appears to decrease with time.
Higher gas-generation rates result in pressure buildup in a sealed cell.
Carson et al. (ref. 11) discuss the possibilities of using an auxiliary
electrode which can recombine small amounts of hydrogen.

GASSING ON DISCHARGE

Since the silver-zinc system is an extremely efficient electrochemical
couple, almost all the stored energy is converted to electrical output
and practically no gas is generated on normal discharge. If one cell
in a battery is depleted before other cells and is force discharged, hydrogen
gas will evolve at the positive electrode. If the overdischarge is con-
tinued, the negative electrode eventually becomes depleted and oxygen
gas will also evolve. Excessive overdischarging will result in venting
or cell case rupture.

GASSING ON STAND

During charged stand, the negative electrode will self-discharge accord-
ing to equation (6-5), generating hydrogen. Lander and Snyder (ref. 12)
observed that the gassing rate varied inversely with electrolyte concen-
tration and the mercuric-oxide content of the negative-electrode material,
and directly with temperature. It was also found that saturation of an
electrolyte with zine oxide and amalgamation of the current collector grid
had little effect on the gassing rate. To minimize self-discharge at
temperatures up to 125° F, use of a 40- to 45-percent potassium-hydroxide
electrolyte and between a 2- and 4-percent mercuric-oxide additive in the
negative-electrode materials was recommended. (See the section on
“Modification of Reaction Chemistry by Additives,” below.)

During extended periods of stand, it has been observed (ref. 7) that a
decomposition reaction occurs as follows:

2Ag0=Ag,0+1/20, (6-6)

This reaction proceeds slowly at room temperature and below, and
rapidly at 140° C and above.

Dalin et al. (ref. 10) found that silver oxide reacts with the hydrogen
generated at the negative electrode during self-discharge. The reaction
rate appears to be first order, increasing with temperature. Cells stored
at 71° C showed no pressure rise on charged stand, indicating a self-
discharge rate equal to or less than the recombination rate for the given
electrode construction, cell geometry, and temperature. Additional
work ‘using rotating disk and polarographic methods continues to study
rates of reaction and reaction order. The usefulness of this recombina-
tion process also may be limited by the rate of diffusion of hydrogen
through the electrolyte to the silver electrode. In cells operating in a
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gravitational field, part of the electrodes may be designed to protrude
above the electrolyte, allowing free surface for recombination. In a
gravity-free environment, this is not always practical.

Gas evolution or its deleterious effects may be minimized by proper
charge-discharge controls, use of electrode additives, auxiliary elec-
trodes, and by proper cell design. KEach of these items is discussed in
the following sections.

MODIFICATION OF REACTION CHEMISTRY BY ADDITIVES

Materials other than silver-silver oxide, zine-zinc oxide, and potassium
hydroxide have been added to the silver-zine couple to improve the
operating characteristics. In many cases, the exact nature of the inter-
action between additive and basic material is not clearly understood.

ZI1Nc-ELECTRODE ADDITIVES

The two most common additives to zinc electrodes are a mechanical
binder and a self-discharge suppressor. Secondary zinc electrodes are
most commonly manufactured in the discharged state; i.e., as powdered
zinc oxide, to which is added a mechanical binder for improving mechan-
ical strength. Polyvinyl alcohol (PVA) is the most commonly reported
binder (refs. 8, and 13 to 19).

In operation, the zinc electrode undergoes a change in shape caused
by solution and reprecipitation of zine oxide as the cell cycles between
charge and discharge. In a gravitational field, the deposits move toward
the lower part of the electrode, thickening it, and reducing the total
available surface area. Dalin and Sulkes (ref. 20) studied the addition
of various binders to the zinc electrode to reduce the rate of this shape-
change process. Carboxymethylcellulose, polyvinyl alcohol, and poly-
ethylene oxide used in 1 to 3 percent concentrations of negative mix by
weight did not improve cycle life. Polyvinyl alcohol was found to ag-
glomerate with eycling. Carboxymethylcellulose in coneentrations above
0.5 percent decreased cycle life by migrating toward the positive electrode,
where 1t reacted with silver oxide to deposit reduced silver on separators.
An addition of 1.7 percent Teflon to the zinc-oxide powder was found to
double cell-cycle life. A disadvantage of the Teflon additive was that it
reduced the oxygen recombination rate by 35 percent on open circuit and
by 15 percent on overcharge.

The self-discharge reaction (eq. (6-5)) is suppressed by raising the
hydrogen overvoltage through the addition of mercury (normally as
mercuric oxide added to the zinc-oxide powder). However, it was found
(ref. 21) that mercuric oxide will adversely affect the performance of heat-
sterilized cells. {(See section entitled “Heat Sterilizable Cases,” below.)

The Electric Storage Battery Co. (ref. 21) claims a reduction in the
amount of gas generated by the negative electrode through the addition
of an unspecified compound (code no. 323-43), found to withstand heat
sterilization without adversely affecting cell performance.

The addition of mercury to the zinc electrode has also been used to
control the growth of zinc dendrites (long needles of zine growing through
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the separator causing short circuits). (See the section on “Electrode
Degradation Processes,” below.)

S1iLvEr ELECTRODE ADDITIVES

The addition of palladium (1 percent by weight) to the silver electrode
of cells specifically designed for heat sterilization (ref. 13) minimized
the 50-percent loss in capacity resulting from the presence of separator
degradation products. However, cells containing palladium exhibited
poor stand life. Lander (ref. 22) reports that palladium increases the
monovalent (lower) silver plateau to about 50 percent of charge time in
contrast to the 5 to 20 percent normally expected, and reduces polariza-
tion on charge at low temperature (15° F) improving discharge voltage.
The mechanism by which palladium improves reversibility is not
understood.

Cadmium was added to the silver electrode to promote gassing pro-
tection in the event of cell reversal. Cadmium acts to combine the
oxygen gas evolved at the zinc electrode, thereby limiting gas-pressure
buildup in sealed cells (ref. 10).

ELECTROLYTE ADDITIVES

The most common additive to the potassium-hydroxide electrolyte
is zinc oxide. Zinc oxide forms the zincate ion (Zn(OH),”) in caustic
solution. Normally, sufficient zinc oxide is added to saturate the
potassium hydroxide. The addition of zincate ion permits operation at
higher current densities because of diffusion phenomena oeccurring be-
tween the electrode-electrolyte interface and the bulk electrolyte. A
good discussion of the mechanism is presented by Shaw (ref. 2).

ELECTRODE DEGRADATION PROCESSES

Three processes other than gas evolution have been identified as
being responsible for the deterioration in performance of the silver-zinc
cells. The electrode shape-change phenomenon involves a redistribution
of the active material of the negative or zinc electrode, with a consequent
change in current density, and an increase in polarization, thereby de-
creasing performance. This was discussed under “Electrode Additives.”

Oxides of silver have been shown to dissolve in the electrolyte, forming
argentate ions, which, upon contact with the zinc electrode, deposit
metallic silver on the zinc. This forms a shorted zinc-silver cell, which
then evolves hydrogen gas from the zine electrode.

An empirical approach to the prevention of silver deposition on the
zine electrode, used by most battery manufacturers, is the interposition
between silver and zinc electrodes of layers of separator designed to
prevent the dissolved silver compounds from reaching the negative
electrode. Usually, these consist of layers of cellulose or cellulose
derivatives which react with the silver compounds, reducing them to
metallic silver. 'The cellulose is oxidized in the process. A more detailed
discussion will be found in the section titled “Separator.”
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One of the major failure modes in the silver-zine cell is the develop-
ment of short circuits as a result of the growth of zine dendrites which
penetrate the separator. Dendrite growth through cellulosic separators
oceurs by electrodeposition within the membrane rather than by mechan-
ical perforation. Thus, a separator which resists zincate diffusion would
limit dendrite growth.

Stachurski, Dalin, and McBreen (refs. 23 to 28), Arouet and Blurton
(ref. 29), and Oxley (refs. 30 and 31) studied zinc-electrode performance
under varying charge rates to develop methods and processes for im-
proving the life of silver-zinc cells. Stachurski’s work was theoretical
in nature, resulting in the derivation of a diffusion equation. Limited
experimentation was conducted using a rotating electrode and a specially
constructed dendrite growth-studying apparatus. Stachurski’s later
work investigated the electrode-electrolyte-separator interface and zine
growth into and through the separator. The work of Arouet and Blurton
and the earlier work by Oxley was empirical, and placed considerable
emphasis on half-cell experiments under varying conditions.

It was found that the growth of zinc dendrites through the separator
material occurs by the following mechanism:

During charge, zinc is deposited on the negative electrode in various
forms, depending on temperature, overvoltage, and current density.

At low overvoltages (approximately 20 millivolts), a fine filament or
mossy growth with a density 2 to 8 percent that of solid zinc is formed.
Measurement of the filament surface area by the double-layer capacitance
method indicates that a zinc-hydroxide film covers most of the filament
surface. Growth occurs mainly at the ends of the filament, with-the rate
of solution and deposition being equal along the filament body.

When the overvoltage is increased to approximately 100 millivolts,
elongated, branched, and hexagonal dendrite crystals form. Over 100
millivolts, the separator limits growth and the dendrite growth fills in the
space between electrode and separator, forming a heavy sponge which
appears nodular.

Completely smooth deposits were obtained using rotating-disk elec-
trodes (resulting in a high Reynolds number for convection of electrolyte
past the eleetrode) at overvoltages below 150 millivolts.

Polarization curves indicate that mossy growths form at potentials
where activation polarization controls the plating reaction, while den-
drites form at potentials where diffusion limitation starts.

Stachurski developed a theory to account for the changing zine deposits.
At low overpotential (below 100 to 150 millivolts), zincate can diffuse
readily to regions near the ends of filaments, but is exhausted before it
can penetrate the moss. Thus, deposition is activation controlled at the
filament tips and diffusion controlled within the mossy region. In inter-
mediate region near the filament tips, deposition is both activation and
diffusion controlled.

When the overvoltage is raised above the critical value of 100 to 150
millivolts, the intermediate region disappears because the deposition rate
at the filament tips increases.  The diffusion layer moves out beyond the
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plane of the filament tips and the entire deposit becomes diffusion con-
trolled, causing a change from mossy to dendritic form.

Arouet, Blurton, and Oxley (refs. 29 to 31) studied deposition at various
current densities and temperatures and found that deposition above
a critical current is diffusion controlled. Under diffusion-controlled
conditions, the initial deposit appears compact but additional deposition
is dendritic. Figure 6-1 shows the empirically derived relationship
between current density, temperature, and deposit morphology. This
work also established the adherence of zinc deposits at various current
densities, charge methods, temperatures, and electrolyte additive. The
experimental results are plotted parametrically as percentage of adherent
deposit versus total deposit (expressed as coulombs/centimeter?),
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Ficure 6-1.—Variation of critical
current density (shaded area) with
temperature within experimental
limits.

Examination of the data shows that intermittent charging, low tem-
perature (25° C), high-current density, and the presence of lead ions
in the electrolyte favor adherent deposits of zine. These plots are dis-
cussed at length in reference 32.

Recommendations to minimize dendrite growth are as follows:

(1) Electrolyte volume should be minimal.

(2) Zine electrodes should be framed in a nonporous insulating
material if fast charging is desired.

(3) Small amounts of lead should be added to the zinc electrode
or to the electrolyte.

(4) The battery should be charged by a pulsed de current with a
sufficiently long offtime to allow zincate ions to diffuse to the electrode
surface. Current density for charging should be as high as possible
without permitting diffusion control.

Stachurski (ref. 25) used the deposition theories to explain cell-capacity
degradation by loss of active material from the negative electrode.
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He noted that the overvoltage in the galvanostatic charging of a plate
which has lost active material is greater than expected from the decreased
geometric area. The following process was presented in explanation.
A minor decrease occurs in surface area by active material loss. This
results in an increase in current density, which in turn causes an increase
in overpotential. Conversion from mossy to dendritic deposits occurs
as a result of the higher overpotential. This in turn leads to further
loss of surface area, and the process snowballs.

The work completed to date offers an understanding of zinc-electrode
processes. To apply these experimental results to practical cells requires
additional work. In their final report (ref. 29), Arouet and Blurton
recommend additional studies on silver-zinc batteries. Both fundamental
and applied work are necessary for a fuller understanding of the negative
electrode.

In an attempt to reduce the rate of dendrite growth (a principal
mode of premature cell failure), electrodes have been amalgamated using
a mercuric-chloride and potassium-bromidé solution (ref. 30). As a
result, the dendrite growth rate was reduced a small degree; however,
those dendrites which did form tended to be thicker and more numerous.
This reduces cycle life because of an increased incidence of short circuits.
On discharge, thicker dendrites are harder to dissolve, increasing the
likelihood of early failure by puncturing the separator.

The following electrolyte additives are thought to be preferentially
adsorbed on dendrites:

(1) Tetramethyl ammonium-hydroxide pentahydrate
(2) TinasSn*™"

(3) Thiourea

(4) Ethylenediamine

The beneficial effects of preferential adsorption on surface protrusions
(dendrites) is the inhibition of further growth at these points. At present,
there are no conclusive results except that tin (as Sn*™) appears to be
prénising in minimizing dendrite growth.

The following electrolyte additives have been tested (ref. 19) and
found to have no effect on extending useful cell life:

(1) Kaolin

(2) Polyethylene oxide

(3) Lithium hydroxide

(4) Polyvinyl acetate (PVA)

Sodium silicate was found to be,detrimental. Aluminum hydroxide
may improve capacity retention over extended cycling. In heat-sterilized
cells (ref. 13), aluminum hydroxide did not appear to improve perform-
ance.

STRUCTURES
GENERAL

Silver-zine batteries may be divided into two broad categories: primary
and secondary. Primary batteries are those used for one, or at the
most, two discharges. A primary battery is often manufactured in
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the dry-charged condition and electrolyte is added just prior to use.
Such batteries are extensively used in launch-vehicle applications, but
have only limited use in space vehicles.

A secondary silver-zine battery may be recharged a number of times.
The available cycle life is limited by design parameters. Secondary
batteries are manufactured either vented or .sealed. Space application
of vented-cell batteries is limited to short-mission times. - A pressurized
and sealed canister is used to maintain a suitable environmental pressure
higher than the electrolyte vapor pressure. Missile and booster vehicle
primary batteries are commonly made from vented cells in a sealed
canister, and may be automatically activated.

Sealed rechargeable silver-zine cells and batteries have the greatest
potential for space applications. Most of this discussion is directed
toward sealed secondary silver-zinc cells.

CeELL GEOMETRY

A detailed description of cell geometry may be found in chapter 2.
Silver-zinc cells have been produced in prismatic, button, and spirally
wound cylindrical shape. The most common shape is the prismatic.

Recently, a cylindrical cell was developed in an attempt to produce
a heat-sterilizable battery. This cell uses a formed ceramie-cup separator
in a concentric eylindrical structure similar to that of a Leclanche
cell with a cylindrical silver cathode, powdered zinc anode, and stain-
less-steel canister (ref. 33). The design is not suitable for high-rate
applications.

The dry-tape cell is a recent, novel approach to primary construction.
A silver-zinc cell was constructed using a silver-peroxide-impregnated
tape, an electrolyte-impregnated tape, and a zinc-block electrode. The
tapes are kept separate until used and are driven by an electric or spring-
wound motor. The dry-tape concept is discussed in detail in chapter 10.

AUTOMATICALLY ACTIVATED SILVER-ZINC BATTERIES

Silver-zinc batteries for primary, high-rate discharge applications are
frequently ,designed with separate electrolyte reservoirs. In the dry
state, the batteries have long storage lives. When the electrolyte is
transferred from the reservoir to the cells through a distributing mani-
fold, the battery is ready to*operate within seconds. Pressure for
the electrolyte transfer or activation process is usually provided by a
pyrotechnic gas generator which is ignited remotely by an electric current
pulse. In low-temperature environments, the heat generated by the
pyrotechnic device may be used to warm the electrolyte.

MATERIALS AND METHODS OF CONSTRUCTION

SiLvEr ELECTRODE

Early silver electrodes, made of pressed, dry silver powder, were weak
and performed poorly. The development of the pasting and sintering
processes improved this cell.
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Pasting is a popular method of silver-electrode construction today.
A paste is made from silver or silver oxide and water, and a binder.
This is spread over either a silver or nickel grid or molded into sheets,
then pressed into the grid. The pasted plates are then sintered, during
which the silver oxide is converted by thermal decomposition to silver,
and organic additives are burned off. For primary-cell usage, the plates
are charged in formation tanks against inert counterelectrodes.  Grid
thickness, silver density, and plate thickness are varied to suit the
intended usage. The effect of varying these parameters will be discussed
under the section on “Electrical Characteristics.”

A recently developed dry process lends itself to continuous operation.
A continuous strip of silver grid is coated with a water solution of carbox-
ymethylcellulose (CMC), after which silver-oxide powder is pressed onto
the grid. The strip is then punched to size. Apparently, the CMC
results in good adhesion between the grid and powder. This method
is best suited for primary batteries. No direct comparisons were made
between wet-pasted and sintered electrodes (ref. 34).

Current, collection from sintered-silver electrodes is normally accom-
plished by eoining an area of the sintered plate and spot welding a silver
strip or wire lead. On pasted plates, connection is made by spot welding
or twisting the lead to the supporting grid.

Charkey and Goodkin (ref. 35) observed that cells subjected to low-rate
discharges (c/8-¢/80), followed by reasonably high-rate (¢/8) charges,
undergo severe capacity loss. The problem was isolated to the silver
electrode. The electrode surface area, as measured by the double-layer
capacitance (DLC) and BET nitrogen adsorption methods, was sharply
reduced on low-rate discharge, and it was postulated that a slow plating
of silver from solution during the reduction of Ag,0 to Ag was responsible
for an increased crystallite size and a reduced active surface area. Plac-
ing a highly absorbent material against the positive electrode and
incorporating inert materials into the electrode were found to improve
performance. The additive, usually magnesium oxide, is gradually
dissolved out, ultimately losing its effect. The inert additives are
thought to aid in maintaining small crystallite size and increase the
active surface area by dissolving to form new pores in the electrode.

Zinc ELECTRODE

Zinc electrodes may be made by pasting a mixture of zinc and potas-
sium hydroxide onto a metal grid. Such electrodes are fragile. Present
production methods commonly dry-press a mixture of zine oxide, binder,
and additives onto a grid placed in a mold conforming to the plate
dimensions. Often, a loosely woven support fabric is pressed into the
plate at the same time.

Another method of plate manufacture, most often used for primary
cells, is electrodepositing zinc onto a suitable support, then rolling or
pressing the plate to the required thickness. Connection to electrodes is
similar to that made for positive plates—either with a welded strip or
with a mechanically fastened wire. Plate thickness and porosity (or
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density) are related to performance. This will be discussed under the
section on “Electrical Characteristics.”

AuxiLiary ELECTRODES

Auxiliary electrodes have been used in experimental sealed silver-
zine cells to control internal gas pressure. The principal use of auxiliary
electrodes is hydrogen recombination. Without auxiliary means, hy-
drogen recombination proceeds slowly at the silver electrode, whereas
oxygen combination at the zinc electrode proceeds somewhat more rapidly.

Carson et al., in a compendium (ref. 37), developed several auxiliary
electrodes and methods of construction. Cell-test results to date are
inconclusive and work is continuing. The primary concern in using
auxiliary electrodes is the poisoning of the zinc electrodes by the catalyst
(usually platinum). Tests indicate that problems are minimal.

Hydrogen-recombination electrodes connected to the positive elec-
trodes have taken the form of small electrodes placed at the cell pack
top (in the airspace) or at the side or edge of the cell pack, suitably
placed to avoid flooding the electrode with an electrolyte. A recombina-
tion rate of up to 50 mA/cm? is possible. Operating temperatures to
110° C are possible, but life is shortened above 65° C. Performance at
0° C is about 60 percent of performance at room temperature.

The use of auxiliary electrodes for recombination permits operation
of the silver-zinc cell at a continuous overcharge without undue pressure
buildup. In practice, however, continuous overcharge is avoided because
the separator and electrodes are degraded. In space applications, par-
ticularly on short-orbit regimes where some overcharge may occur, the
auxiliary electrode may prove useful for internal cell pressure control.

For proper operation, the auxiliary electrode must be wetted and
in electrolytic contact with the cell pack. However, if flooding occurs,
the electrode will not operate efficiently. In space applications, ‘it is
necessary to design cells with a minimum amount of electrolyte and
highly absorbent separators to allow gas to reach the auxiliary electrodes.

SEPARATOR

The separator in a silver-zinc cell must—

(1) Provide strong mechanical separation between the positive and
negative electrodes.

(2) Prevent migration of particles and dissolved silver compounds
between the positive and negative electrodes.

(3) Have minimum resistance to the flow of electrolyte and ions.

(4) Be wetted easily by the electrolyte and maintain sufficient
electrolyte contact with the electrodes to permit current flow.

(5) Provide minimal degradation of the separator (degradation
products should not interfere with cell operation over the anticipated
temperature range).

(6) Have sufficient mechanical strength so that no damage will
oceur during handling and cell assembly.

(7) Be dimensionally stable.’
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There are three broad categories of separators: cellulosics, noncellulosic
synthetic materials, and inorganic separators. Separators may serve
specialized functions as silver-migration limiters, zinc-penetration
limiters, and electrolyte absorbers. To establish the merit of any
candidate separator material, a series of tests (often called screening
tests) is conducted, to determine the separator value in relation to estab-
lished materials in use. A good summary of screening methods is con-
tained in reference 38.

SEPARATOR APPLICATION

Separators normally are combined to make wse of the best properties
of more than one type. One of the most common separator combinations
consists of layers of cellulosic or low-resistivity synthetic material,
separated from the positive electrode by one or more layers of highly
absorbent synthetic separator eapable of withstanding oxidation by silver
oxides. The separator layers closest to the negative are usually of
cellulose or sausage casing, which are both relatively resistant to zinc-
dendrite growth. This combination was found most effective in refer-
ences 15 to 19.

Hennigan (ref. 39) has collected information on test cells, conducted
at NASA Goddard Space Flight Center and elsewhere, evaluating
separator improvements made by ESB and by the Borden Co. Compari-
son of test results from various sources is difficult because of construction
differences (electrode area, particularly). The data are scattered and
the need for more uniform materials was emphasized.

SEPARATOR PROPERTIES

Separator properties are often reported qualitatively. Tt is impossible
now to correlate data presented by the various sources. This does
not mean that one data source is superior to any other, but rather that
each researcher has chosen test conditions and methods which differ in
some respect from those used by others. Tests are often selected which
show a particular separator in its best light. No mutually agreed upon
(standard) set of test methods exist (although the Cooper and Fleischer
methods are a good start). If standard test methods for direct compari-
son of separator materials existed, the battery designer could then select
the best material, based on interpretation of urfform test results. Some
representative properties for typical separators are presented with each
particular report summary. Descriptions of the separator are presented
with test results or qualitative statements regarding separator utility.

The ESB Norberg Research Center (ref. 40) has conducted screening
tests on about 40 separator materials. This is expeeted to reduce the
need for extended testing in experimental cells. The most useful tests
were measurements of rate of silver reaction and diffusion, rate of zine-
dendrite growth, and electrical resistivity. A few representative test
results are presented in table 6-111.

Test results indicate that the effectiveness of a separator in preventing
silver diffusion is a function of its reactivity with silver. Materials
which resist oxidation allow diffusion. Small pore diameter does not
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appear to prevent diffusion. Pore diameter appeared to have a relation-
ship to the ability of a separator to resist zinc penetration, but this
relationship did not hold in all cases.

Regenerated cellulose appeared to be the material with greatest
resistance to silver migration. Migration is arrested by reaction with
silver compounds, but the cellulose is consumed in the progress. Addition
of antioxidants (m-phenylene diamine and diisocyanates) to cellulose also

appears promising.
" Cellulose sausage casing appeared to be the most effective material in
stopping zinc penetration when placed with its smooth side facing the
zine electrode.

The Norberg Research Center separator evaluations used many of
the test procedures discussed in Cooper and Fleischer (ref. 38). Data are
not reported for all tests with each separator type tested; thus complete
comparison of all materials tested is not possible.

CASES

Three types of cases (often referred to as cell jars) are used. These are
plastic, metal, and a combination of plastic and metal. Any case used
on sealed silver-zine cells must be resistant to chemical attack from
silver oxide (a powerful oxidizer) and concentrated potassium hydroxide;
must contain any internal pressure generated; and must maintain struc-
tural integrity throughout the anticipated environmental range. Table
6-1IV presents the advantages and disadvantages of the three case
materials.

TaBLE 6-1V.—Characteristics of Cell Case Types (Ref. 1)

Type Advantages Disadvantages
Plastic. ... _..._ No potential on case. Strength.
Corrosion resistant. Crazing.

Heat transfer.

Sealing of cover to case.
Terminal seal.

Shock sensitive.
Temperature limitations.

Metal (stainless steel)___| Strength. Potential on case (must in-
Heat transfer. sulate case from battery

Sealing cover to case container).
(welding). Requires insulated ter-

Combination outer metal
case and inner plastic
case.

Acts as pressure vessel (in
cylindrical cells).

Temperature range.

Shock resistant.

No potential on outer case.

Strength.

Temperature range.

Shock resistant.

Provides additional ter-
minal seal.

minals.

Difficult inner seal.
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Prastic CASEs

The majority of silver-zinc cells are produced with plastic cases.
The plastic normally used is an acrilonitrile-styrene copolymer. This
material is relatively clear (for observation of cell interior) and can be
easily sealed by solvent cement, catalyzed cement, or epoxy.

‘White eycolac (T2502) acrylonitrile-butadiene-styrene (ABS) polymer
was used successfully in a sealed-cell design. ABS was chosen because it
is nonmagnetic, easily sealed, inert to attack by electrolyte, and strong
enough to support the expected internal pressures anticipated (ref. 41).

SEALING

For space applications, a sealed cell may be defined as one in which
neither gas or liquid leaks can be detected at measurable rates. Sealing
thus prevents drying out of an electrolyte, particularly during over-
charge, and maintains electrode balance by containing any gases evolved.

The typical plastic case silver-zinc cell will have two seals: one at the
case-to-cover closure, and the other at the terminal-to-cover interface.
The case-to-cover plastic-to-plastic seal is commonly made with solvent
or catalyzed cement, epoxy cement, or by heat welding.

Terminal seals have been a major problem. FEarly seals were plastic
or rubber under compression, and leaked because of extrusion of the
sealing material. The use of epoxies and integrally molded terminals
have reduced sealing problems somewhat.

Another method used for sealing cells and batteries is potting or
encapsulation. The battery is cast into a solid block of epoxy resin, with
the electrical and control leads emerging through a hermetically sealed
connector. This approach results in heavy batteries, and has been sup-
planted by more sophisticated sealing methods (ref. 1).

HEAT STERILIZATION OF SILVER-ZINC BATTERIES

The major obstacle to the heat sterilization of silver-zinc batteries
is the rapid reactivity of the separator with the electrolyte and/or
electrode materials at elevated temperatures. Sterilization of silver-
zine cells in the charged or partly charged state has been unsuccessful
because of the increase in the rate of reaction between dissolved silver
compounds and the cellulosic separator materials. Most of the work in
sterilizing these cells has been done in the development of new and more
resistant separator materials. These must be capable of withstanding a
temperature of 135° to 145° C for more than 60 hours without excessive
deterioration. A more complete description of requirements and tests
may be found in reference 42.

Bogner (ref. 13) indicates that heat sterilization of discharged zinc
electrodes is feasible. However, it was found that a polyvinyl alechol
(PVA) binder caused pressure buildup during sterilization. Subsequent
tests indicate that equivalent performance could be obtained from
electrodes without PVA binder. In addition, it was noted that Viscon
paper wrap contributed slightly to pressure buildup with only slight
degradation. '
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Cells containing mercuric oxide in the negative electrode suffered
permanent capacity losses on sterilization. Examination of the positive
electrodes revealed that mercury compounds had dissolved in the electro-
lyte and migrated from the negative to the positive electrode. On
charge, the mercury converted to mercuric oxide which plugged the
porous silver-electrode strueture (refs. 9, 21, and 43).

HEAT-STERILIZABLE CASES

Sterilization temperatures of 135° to 145° C are too severe for most
common plastics which lose their physical strength at about 100° C. Five
materials have been found suitable for heat-sterilizable cells. These
materials are polysulfone (PS), polyphenylene oxide (PPO), Celcon
acetyl copolymer, Zytel high-temperature nylon, and Penton chlorinated
polyether. Fluorocarbons are sufficiently stable at high temperatures,
but present severe fabricating and sealing problems; thus, these materials
have not been given serious consideration.

Bogner (ref. 13) evaluated nylon, Penton, and Celcon under controlled
conditions and in a cell environment. He found that Penton was slightly
attacked (surface crazing) by electrolyte, but Zytel-38 nylon and Celcon
were not attacked. The liquor from controlled sterilization testing of
each material, when used for activation of test-cell components, had no
effect on cell performance.

HEAT-STERILIZABLE SEALS

The high-temperature plastics used for encasing sterilizable cells
present sealing problems. Most of these materials are inert to common
solvents used in solvent cements. In addition to the high sterilization
temperature, the seal must withstand any internal pressure generated
during sterilization. In the absence of gassing, sterilizable cells will
generate an internal pressure of at least 30 psi because of the vapor
pressure of potassium-hydroxide solution (40 percent) at 145° C.

Bogner (ref. 13) produced usable seals in Zytel-38 cell cases. The
best cover-to-case seal used an 88-percent aqueous phenol cement. Heat
sealing, epoxy, and a combination nylon-solvent cement all proved
ineffective. A tight fit and application of uniform pressure during
bonding was needed for a good seal. ’

Terminal-to-cover seals were made by molding a pin into the cover.
Nylon, Zytel-38, was found to provide the best seal. Nylon filled with
glass fibers, and Celecon and Penton were weaker than unfilled nylon.
The poor performance of Celcon and Penton may have been due, in
part, to the use of a mold and design optimized for nylon.

ESB Norberg Research Center (ref. 21), working with polyphenylene
oxide 531-801, found that Dow epoxy DEN 438-EK85 with a DMP 30
catalyst made a satisfactory seal. Solvent sealing was found to cause
crazing and hot-gas welding did not produce a good seal.

Himy (ref. 33) reported some encouraging results for ultrasonic and
hot-gas welding of polysulfone and polyphenylene-oxide cases. In
addition, limited success was obtained with BR-92 (American Cyan-
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amid) and Allbond (Allaco) epoxies. Since the work was on a limited
scale, no definite conclusions were reached. ‘

There appears to be a need for additional work to develop a suitable
sealing method for the case-to-cover seal in heat-sterilizable cells.  Most
programs have attempted to use existing designs rather than optimizing
the joint to be sealed for material, temperature; and sealing method.

Bogner (ref. 13) tested several separator materials. Fibrous sausage
casing No.7 (Union Carbide), Permion 600 (RAI), and Dynel (KendallCo:)
were tested. Each separator was sterilized in potassium hydroxide and
the liquor used to activate fresh silver-zine cells. Comparison was made
between controls and the cells with degradation productsin the eleetrolyte.

The three materials tested were fragile after sterilization. Degrada-
tion products had the following results on cell performance:

Material Voltage Capacity
Permion.. . . .. ... Equal to control .. ... _______ 20 percent loss.
Dynel. . .. .. No Ag?+ voltage_ ... . ... .__ Little effect.
Fibrous sausage casing._________. Poor_ Lo i i il. Poor.

An ammoniacal odor was detected in the degradation products of Per-
mion and Dynel. Tests of an electrolyte containing ammonia resulted in
poor cell performance.

Improved separators were also tested. Screening tests (resistivity,
silver diffusion, zine penetration, and dimensional stability in potassium
hydroxide) gave little indication of ability to withstand heat sterilization.
The following results were obtained from controlled cell experiments:

Material Performance after sterilization
Teflon with acrylicacid graft.. ______ . ___________ Early shorting.
Teflon with methacrylic acid graft___ ... ... _______ _ Early shorting,
Teflon with sulfonated styrene graft. ____ . _._______. Too brittle for cell assembly.
Crosslinked high-density polyethylene with—
Acrylicacidgraft_____ ... . ____________ Better than controls.
Methaerylic acid graft._________ ... __ ... Better than controls.

Radiation Applications, Inc. (RAI) (ref. 44), prepared various cross-
linked polyethylene-acrylic acid-grafted separators by crosslinking with
electron beam irradiation or divinyl benzene and cobalt-60 irradiation.
Previous crosslinked separators were degraded by sterilization and the
degradation products adversely affected cell performance. Candidate
separator samples were tested for resistivity, dimensional change in
caustic, initial exchange capacity (a measure of grafting and crosslink),
and performance in cells. All acceptable samples had a high degree of
crosslinking and a high level of acrylic acid graft.

The best separator materials had the following properties:

Thickness, em

Sample designation AC resistance, ohm-cm| Tensile strength, psi

Dry | Wet
116, .. 0.035 | 0.038 76-100 . © 800-1800
1100 . 035 | .043 40-55 800-1100

These separator materials appear most promising;:
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The preparation of grafted and crosslinked polymers presents special
problems in process and quality control. Because the processes are
sensitive to minor variations in control parameters, careful control of
these variables is essential to the uniformity of the produet. - Southwest
Research Institute’s (SWRI) (vef. 45) attempts at producing Radi-
ation Applications, Inec., 116 by chemical synthesis led to nonuniform
produects as a result of the lack of process control and facilities to evaluate
product variability (ref. 45). Lockheed-Georgia (ref. 46) successfully
prepared RAI 116 separator material, varying their process until an
infrared spectroscope pattern of the product material matched that of
an original sample provided by RAI. - The two materials also matched
in performance.

ESB Norberg Research Center (refs. 9, 21, and 43) is currently testing
heat-sterilized cells with RAI and SWRI separator materials. Pre-
liminary test results indicate that higher poststerilization pressures
are developed with the RAI 116 chemically crosslinked separator than
with the RAI 110 radiation crosslinked separator. The SWRI material
is presently being evaluated.

The Narmco Division of Whittaker Corp. (ref. 47) is presently work-
ing on aliphatic polyalkylenebenzimidazoles which possess most of the
properties necessary for a heat-sterilizable silver-zinc battery separator.
Some surface modifications are being made by attachment of carboxyl
groups to improve the materials.

ELECTRICAL CHARACTERISTICS

The electrical characteristics of the silver-zine cell are similar to
those of the silver-cadmium cell, except that the voltage is higher in the
silver-zinc cell. They combine the characteristics of the silver electrode
with those of the zinc electrode, which, in spite of its solubility problems,
is electrochemically reversible. See chapter 5 for a description of the
general shape and characteristics of the charge and discharge curves of
silver-zinc and silver-cadmium cells. ’

The open-circuit potentials of the upper and lower plateaus of the
silver-zine cell are 1.86 volts and 1.60 volts, respectively.

DiscaarcE CHARACTERISTICS

Such data as are available in the literature are usually reported as
plots of cell voltage as a function of capacity delivered or of time. Figures
6-2 and 6-3 represent typical data. From these data current-voltage
curves can be constructed with temperature and state of charge as
additional variables, as shown in chapter 3. Knowing either cell capacity
or electrode area, the current scale may be normalized with rated or
measured capacity, or reduced to current density.

The electrical characteristics of silver-zine batteries vary considerably,
depending upon the structure of the electrodes, the number of layers
and type of materials used in the separator, the concentration of KOH
in the electrolyte, and other factors. As an example of the extent to
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which this variation can be carried, typical characteristics of low-rate
secondary cells and high-rate primary cells are presented.

Discharge data taken by Bogner (ref. 13) were used to prepare three
parametric plots of current density as a function of voltage at various
states of discharge for an experimental secondary cell.

Figures 64, 6-5, and 6-6 present these parametric plots at 0°, 25°,
and 38° C, respectively. Voltage varies inversely with current density
and directly with temperature and depth of discharge. The exception
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Fieure 6-6.—Current density versus voltage,
55-A-h Delco-Remy experimental cells at 38° C,
state of charge as third variable. Nore.—
Data smoothed, unknown number of measure-
ments, positive plate thickness 0.073 in.,
separator—positive wrap, 3-layer fibrous sau-
sage casing, 45 percent KOH.

to these rules may be seen on the 0° C plot where constant depth of
discharge lines cross. This phenomenon, called “the dip,” is observed
during constant-current discharges, and is due to competition between
cell polarization and internal heating. It is represented by region D of
figure 5-1. At lower temperatures (below 20° C) and higher current
densities (above 40 mA/em?), the electrodes polarize and the voltage
drops. Because of the polarization and internal resistance losses,
considerable heat is generated which raises the cell temperature, and the
cell voltage rises. At discharges of 40 mA/cm?, cell internal temperature
may rise as much as 15° C.

These data may be compared with figure 67, in which similar typical
data are plotted for a high-rate primary cell. The curves of figure 6-7
are composites of data from various sources, and must be considered
approximations,

VARIATION IN PERFORMANCE WitH STRUCTURAL CHANGES

Considerable study has been given the effect of various structural
and composition changes upon cell performance. Most of these investi-
gations have concentrated on the separator.

The porosity of the silver electrode will affect cell performance. As
porosity (and hence actual surface area) increases, a point is reached
at which such increases reduce the quantity of active materials so that
capacity is reduced. Figure 6-8 shows the effects of positive electrode
porosity (or density) on charge capacity at the 3- and 16-hour rates.
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Ficure 6-8.—Effect of silver-
electrode porosity upon cell
performance.

The effect of electrode density at higher currents (and hence current
densities) is greater as seen by the steeper slope at the 3-hour charge rate.
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Zinc-electrode porosity will affect cell performance to a large extent,
particularly in high-rate applications. Figure 6-9 (ref. 48) shows the
variation of capacity and average ampere-hour efficiency with porosity.
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Ficure 6-9.—Effect of zinc-electrode
porosity on capacity and efficiency, 20°
C, 40 percent KOH, 730 mA/cm?

The separator system used in a silver-zinc cell has a marked effect
on discharge voltage; the effect becomes more severe at high discharge
current densities. Cell voltage varies with the resistivity of the separator
material used. Figure 6-10 illustrates the change in cell voltage with
increasing layers of cellophane separator material. At a discharge rate of
120 mA/cm?, voltage decreases 200 millivolts per layer of separator.
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Ficure 6-10.—Effect of semipermeable mem-
brane layers on discharge voltage.

Facrors ArrecTING CELL PERFORMANCE

Temperature affects battery charge and discharge characteristics.
Figures 64, 6-5, and 6-6 illustrate the rapid deterioration of capacity
with decreasing temperature at several discharge rates. By comparison
of figure 6-5 with figure 64, it can be seen that at high rates, low-teraper-
ature electrical performance suffers more than at lower rates.

The variation of total energy yield as a function of temperature at
various current, densities is graphically illustrated in figure 6-11. Energy
yield is a maximum at approximately 70° F, because at lower tempera-
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Figure 6-11.—Effects of current density, tem-
perature, and electrode thickness upon cell
performance.

tures output voltage is lower due to bigh polarization losses, and at higher
temperatures the small increase in output voltage is offset by a loss of
the peroxide portion of the discharge curve (particularly after a period of
stand at higher temperature where self-discharge is appreciable).

ErFiciENCY

The ampere-hour efficiency of the silver-zinc system (defined as A-h
output/A-h input) under normal operating conditions is close to 100
percent. The watt-hour efficiency (W-h output/W-h input) is about
70 percent under normal conditions because of the difference between
the charge and discharge polarization potentials. Charging silver
electrodes at high rates (65 to 105 mA/in.?) may result in an ampere-hour
efficiency below the normally expected 100 percent.

Dirkse offered three explanations for this lowered efficiency (ref. 49):

(1) The electrode accepts charge, but on discharge, pockets of
Ag,0 are left because of favorable current paths being set up (more active
areas). Butler found that discharged silver plates appear to be prefer-
entially discharged in the vicinity of grid wires and discontinuities, and at
points of stress. In addition, growth of reduced areas seems to occur at
the silver oxide-silver interface. These studies are continuing and may
yield some understanding about favorable current paths (ref. 50).
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(2) A side reaction may occur in which oxygen is formed and sub-
sequently absorbed or recombined.

(3) Some silver oxides are lost by dissolving in the electrolyte
and by reaction with separator. Except at very high temperatures, this
cannot account for more than a very small capacity loss.

Rhyne (ref. 8) reported relative ampere-hour efficiencies (100 percent
being defined as the ampere-hour capacity of a cell with electrolyte ratio
of 0.6 discharged at 1.0 ampere at 75° F) as a function of electrolyte
volume ratio, mercuric oxide content of negative, cell-fit ratio, and
material ratio. This definition of efficiency does not agree with preceding
definitions (ch. 2), and is not comparable with them. Rhyne defines
efficiency as a material utilization fraction based upon an empirical
standard.

WET STAND

During stand periods, activated silver-zinc cells lose energy by self-
discharge as represented by equations (6-5) and (6-6). Since divalent
silver is converted to monovalent, the duration of the upper plateau
decreases. In primary-cell designs, where the cells are not designed
for long stand times, voltage may be seriously affected by stand time.

Where stand times are short, and the electrolyte has not had sufficient
time to penetrate the separator completely, low voltages may occur as
a result of high internal resistance.

Hawkins (refs. 14, 19, and 51) investigated the effect upon wet-stand
time of several different separator combinations in a silver-zinc cell
designed for high-rate applications and limited cycle life, but activated
stand in excess of 2 months.

Figure 6-12 (ref. 14) shows the variation of electrical characteristics
as a function of stand time. The low initial voltage is due to a combina-
tion of poor penetration of the electrolyte into the separator, and low
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F1eure 6-12.—Primary zinc-silver-oxide stand
characteristics discharged at 0.8 A/in.%

starting temperature. As the cell discharges, the electrolyte penetrates
the separator and electrodes, and the cell heats internally, increasing
voltage output. The effects of stand time are not entirely consistent,
suggesting that -other experimental variables may be affecting electrical
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characteristics. Hawkins concluded (ref. 51) that the interposition of a
porous layer of inert material between the silver electrode and the cellu-
lose membrane extended the life of the cell, and at the same time added
moderate recharge capabilities.

Wylie (ref. 52) reported variation in capacity retention on 160° F
wet stand with various separator systems. Table 6~V presents the test
results. The shorting failure mechanism is not discussed.

IMPEDANCE )

Impedance of silver-zinc cells and batteries is not often reported.
The lack of data is due to the difficulty of obtaining repeatable measure-
ments. No adequate impedance data as a function of frequency or of
state of charge were found. A discussion of the factors affecting imped-
ance of both silver-zine and silver-cadmium cells will be found in
chapter 5.

PrEssure ErrecTS

Internal cell pressure does not appreciably affect the electrical per-
formance of a silver-zinc cell. Structural damage may result from
excessive pressure buildup.

HeAT GENERATION

Heat effects in silver-zinc batteries are similar to those in silver-
cadmium batteries, and are discussed in chapter 5.

OVERCHARGE ACCEPTANCE

The overcharge acceptance of sealed silver-zinc cells is generally
conceded to be poor. However, in space-probe operations, a sealed
silver-zinc battery is often used in an overcharge mode during the cruise
portion of flight. Cells specifically designed for extended overcharge
have been developed for this application. Rhyne (ref. 8) developed a
sealed silver-zinc cell capable of continuous overcharge for at least 15
days at the 200-hour rate (equivalent t0 0.05 mA/em?). Pressure buildup
with 2 percent mercuric oxide in the negative electrode mix was approxi-
mately 10 psig at 140° F. At room temperature there was no pressure
buildup. Average float voltage of these cells is shown in figure 6-13.
As temperature is increased, float voltage decreases.
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FicURE 6-13.—Average float voltage of SSC43C
cells as a function of temperature.
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TaBLE 6-V.—Stand Life and Capacity Retention at High Temperature

(Ref. 52)
Time at | Number Pert;iré‘t:rf&g:mty
Separator system (listed 160° F, of &
from positive to negative) days cells Positive Negative

1 layer 0.008” Synpor________.__. 14 9 4T L 65-83
2 layers 300 PUD-0 cellophane___. 29 6 47-53_ .. .. 50-76
42 1 48 . 46
2 layers 0.008"” Synpor.__._.._.... 3 9 Shorted_ . _.|..________._
2 layers 0.008” Synpor_____....____ 14 3 69-71_______ 53-70
2 layers 300 PUD-0 cellophane. . __ 28 3 52 . 60
42 2 50 ______.. 50
28 1 Shorted. .. _|....__._._..
1 layer 0.008” Synpor_ _________.. 10 9 Shorted | ... ______.
1layer 100-0 PMA __ e e e e
1 layer 0.008” Synpor.. _ . _______.. 14 3 60-68_.__... 65-68
2layers 1000 PMA________.____. 24 3 64-65.. ... 57
2 layers 300 PUD-0 cellophane_ __ 42 2 46-48_______ 2()-45
4 1 Shorted_.__| .. .. __.
Polypor WA onSaran___.________ 8-10 2 Shorted. __ _|....__._..._
2 layers 300 PUD-0Ocellophane ... ____ | . . fooeeooo .
1layer EM 309 Dynel________.._. 3-7 12 Shorted. . __|..__________

1 layer Polypor WA on 0.005"
nylon. _ e e
2 layers 300 PUD-0 cellophane._ . _____ .| o oo
1layer EM 309 Dynel ___________._ 6- 8 3 Shorted ___ .| .. _______.
1 layer 0.009” Porothene_ _ .. __ | .. b e
2 layers 300 PUD-0 cellophane._ | _______ | oo oo el
1layer EM 309 Dynel ___________. 7-10 3 Shorted_.__|. .. ______.
1 layer 0.007" PMA 100-1_._.__.. 14 1 8 83
2 layers 300 PUD-0 cellophane___| . _____ . | . . . o _____.
1layer EM 309 Dynel ______.._._ 14 3 (PO 81
1 layer 0.008” Synpor.._____. . __. 29 3 52 . _.... 58
2 layers 300 PUD-0 cellophane___[. _.__ .| ool
2 layers RAI polyethylene_______ 29 2 50 ____._.. 45
2 layers 300 PUD-0 cellophane___ 42 2 22 18

+One of these cells dried out on storage and the negative plates may have burned

up.
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Rhyne concludes that a relationship exists between ecapacity, cell
pressure, and concentration of mercuric oxide originally in the negative
mix. It is quite possible that capacity and pressure buildup are related,
but at best it can be a tenuous second-order relationship. The work of
Lander and Snyder (see section titled “‘Gas Evolution and Recombina-
tion,” above) clearly indicates the relationship between gas evolution
and mercuric oxide concentration.

Grun (refs. 53 and 54), working to the same basic cell requirements
as Rhyne, developed a sealed silver-zinc cell capable of operating on
continuous overcharge. A cell operating at 0.02 mA/cm? developed a
maximum pressure of 36 psig at 140° F and 13 psig at 70° F. 'Problems
were encountered in battery potting at 140° F. Capacity variation
(a fair indication of product control) varied from =£3.5 percent on the
best design to %25 percent on the poorest design for five-cell samples.

Electric Storage Battery Co. (refs. 55 to 57) developed several cell
types for use on the Mariner program, requiring a battery to withstand
at least 14 days of continuous overcharge. Cells, operated at overcharge
rates from 0.1 mA/em? to 1 mA/em?, performed satisfactorily on con-
trolled tests. A small number of cells short circuited after more than
20 days of overcharge. In tests using a spacecraft-charge simulator,
however, high pressures were encountered in one or more cells, necessitat-
ing premature termination of tests. On repeated tests it was noted that a
cell which had developed high pressure on one cycle would not necessarily
be the pressure-limiting cell on the next cycle. Mechanical and materials
problems seemed to be more difficult to solve than electrochemical
problems.

Frank and Strier (ref. 58) utilized a small fuel cell to recombine gases
evolved on extended overcharge of sealed silver-zinc cells.  Pressure
rise in cells with fuel cells was limited to 10-psig maximum, while a single
test, using a standard silver-zine cell with pressure gage attached,
showed a pressure in excess of 15 psig. No comparison was attempted
between sealed cells equipped with fuel cells and properly designed sealed
silver-zinc cells on extended cyecling regimes. The small fuel cell seems
to offer a unique method for limiting pressure rise in sealed cells on
extended overcharge. However, this advantage must be weighed
against the added problems of supplying hydrogen and oxygen to the
fuel cells.

SErvicE LiFe

Service life is affected by separator system, depth of discharge, temper-
ature, and electrolyte concentration. Battery degradation, and thus
service life, starts when electrolyte is added. Deterioration of separator
and dissolution of the negative electrode begin immediately and continue
with time, regardless of cycle life, until end-of-service life.

Numerous reports contain data on capacity versus cycle life, but
compilation of this mass of information into parametric form has not been
possible because of the large number of uncontrolled variables in each
test. Presently, the only practical way to determine cycle life or service
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life for a particular application is to actually simulate the time, tempera-
ture, and load profiles experienced with a sufficient number of cells or
batteries to establish a reliability figure.

Lander (ref. 22) reported life in a simulated 2-hour orbit regime as a
function of several variables in cell structure, composition, and operation.
Figure 6—14 presents the variation of cycle life with two selected variables.
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Fiaure 6-14.—Cycle-life performance, effect
of depth of discharge, and temperature.

This chart shows decreasing cycle life with increasing depth of discharge
and decreasing temperature, although, because of the 2-hour cycle, both
charge and discharge currents are varied simultaneously with depth of
discharge, and the independent effects of neither can be determined.
Other similar data show decreasing cycle life with increasing zinc elec-
trode HgO content, decreasing ratio of ZnO to silver, and decreasing
concentration of KOH in the electrolyte solution (fig. 6-15).

A typical analysis of separator for the variation of cycle life with
separator characteristics was prepared by Hoyt and Pfluger (ref. 59).
Plots were prepared of capacity in ampere-hours (for a particular temper-
ature, discharge rate, and an end-of-discharge voltage) as a function of
the number of cycles prior to failure. Separator materials which per-
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Ficure 6-15.—Effect of electrolyte concen-
tration.

mitted early shorting or rapid loss of capacity were considered poor
candidates for use in cells. Variations in separator resistivity affect
cell-output voltage, so that separator systems with high resistivity will
compare poorly in this test with low-resistivity systems. Nevertheless,
cells employing high-resistivity separators are valuable in applications
such as in interplanetary space probes, where discharge rates are low
and long life is important.

CHARGE CONTROLS

Brooke (ref. 60) described several charge methods that were con-
sidered for battery charging in the Mariner II spacecraft. Constant
current charging with automatic (or ground-controlled) start-and-stop
action was rejected because of available power limitations and because
malfunction could possibly occur in the start-or-stop circuitry which
would result in battery depletion or severe overcharge.

Constant potential charging was also considered, but was rejected
because of limitations in the power available for charging. The final
charger was of the modified constant potential type consisting of a voltage
regulator and current limiter in series with the battery. Figure 6-16
shows the charger-operating limits for an 18-cell silver-zinc battery.
The upper limit is the boundary of maximum available power and maxi-
mum acceptable voltage; the lower limit line represents the minimum
current-voltage relationship to assure a fully charged battery. No
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Figure 6-16.—Mariner II flight
charger characteristics.

consideration is reported of compensation of charge characteristics for
charging temperature.

To prevent premature battery failure, two basic constraints must be
imposed during charging of silver-zinc batteries. The polarization of the
zine electrode must be limited to less than 100 millivolts to avoid forma-
tion of zinc dendrites. The voltage must be limited to a value of approxi-
mately 1.96 volts per cell at room temperature to avoid generation of
excessive quantities of O, gas. This value should probably be compen-
sated for temperature unless the required range of operating temperature
is narrow. After the cell has been fully charged, if its use is not antici-
pated for a long period of time, charging should be terminated, if possible,
and the cell returned to charge from a few hours to a day prior to
expected use.

FATLURE ANALYSIS

Failure analysis of silver-zine cells is difficult because subtle failure
patterns and incipient failure are not readily observed. Visible shorts
due to separator failure or negative electrode ‘‘shape change’” can be
identified as causes of failure.

Brooke (ref. 60) described the failure analysis of Mariner II batteries
in qualitative terms. A decision t6 increase the separator system, from
four turns of cellophane to five turns, was based upon the general appear-
ance of the separator and upon presence of shorted plates after laboratory
operation of cells.

Lander (ref. 61) described a failure analysis technique used in examin-
ing silver-zinc cells. A failed cell is charged and where possible dis-
charged, including a brief high-rate pulse to determine internal resistance.
The discharged cell is opened, the free electrolyte drained out, and the
quantity is measured. A sample of the free electrolyte is retained for
determination of carbonate content, caustic concentration, and foreign
materials.

The electrode assembly is extracted from the case and examined for
mechanical failures. A visual examination is made for zine at the tops
and edges of the separator wrap. Where possible, the separator is
removed layer by layer from the electrodes and visually examined for
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the presence of metallic zinc between separator layers. Samples of the
separator, analyzed layer by layer for silver content and their resistance,
are measured.

The silver electrode is examined visually for color (zine oxide imparts
a pinkish cast to the plate). Optionally, it may also be weighed and
subjected to X-ray or controlled discharge against inert eounterelectrodes.
The zinc electrode is visually examined for “shape change” and degree
of oxidation, is weighed, and is analyzed for silver and foreign materials.
The negative current collector grid is examined for the presence of
mercury. A cross section of the electrode may be taken by potting in
an epoxy resin, sectioning, and polishing.

CORRELATION OF FAILURE ANaALYsis WitH OPERATING VARIABLES

The literature surveyed contained few failure analyses and little
effort has been made to correlate failure analysis information with oper-
ating variables. Correlation is difficult because of the difficulty in
separating the effects of operating variables and because of the limited
number of observations available to any single researcher.

Hennigan (ref. 39) has correlated qualitative failure analyses during
controlled separator evaluation testing to determine the superiority of one
separator over another. Hennigan noted, however, that the unpredict-
able performance of cellswith cellulosic separators created a problem in
evaluating typical cell performance.

PrEssurRE Buirpup

Excessive overcharge or overdischarge can result in pressure buildup
in silver~zince cells.

SiLvER ELECTRODE

Charkey and Goodkin (ref. 35) studied the capacity loss of cells on
low-rate discharge, high-rate charge regimes, and found a reduction of
the measurable actual silver-electrode surface area. It was postulated
that a slow plating of silver from solution during the reduction of silver
peroxide to silver was responsible for the formation of larger crystallites
with low surface area.

MECHANICAL

One of the most common mechanical problems in silver-zinc cells
is electrolyte or gas leakage around terminals. Particularly in sealed
applications, leakage at any point can cause failures. In the case of
electrolyte leakage, it is possible to have current leakage paths from cell
to cell, resulting in slow capacity loss or catastrophic failure, depending
upon the conductivity.

Puncture of separator by electrode grid wires sometimes occurs.
By careful vendor inspection, assembly procedures, and acceptance
testing, such faults are normally found and eliminated from use in flight
cells and batteries. ‘ ‘

Poor cement joints at the cell cover to case seal often result in gas
or electrolyte leakage. By careful assembly and inspection, most poor
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cement joints are rejected at the vendor. If the cement joint is marginal
and is a stress concentration point, however, it is possible, when using
a brittle cement, to have failed cement joints after exposure to service
environments.

Separator deterioration, due to hydrolysis and oxidation by the silver
electrode, perforation of the separator by zine dendrites, and changes in
the shape and surface of the zinc electrode because of solution of zinc
oxide in the electrolyte, are all common wearout modes. These have
already been discussed.

DRrY-TAPE DiscHARGE CHARACTERISTICS

A unique concept for the development of achievement of high-energy
density through storage of active materials and electrolyte in dry-tape
form was applied to silver-zinc batteries (ref. 62). The dry-tape con-
cept is discussed in detail in chapter 10. In this concept, fresh materials
are constantly being added to the cell as it discharges, and the cell takes
on the characteristics of a fuel cell. Consequently, the electrical char-
acteristics of this type of cell are not directly comparable with those of
an ordinary cell.

INORGANIC SEPARATOR CELLS

The Astropower Laboratory, Douglas Aircraft Co., has developed
experimental cells using a proprietary ceramic separator material stable
in XOH solutions at relatively high temperatures. Separator materials,
in the form of a ceramic powder, are milled with a binder, pressed in a
die, and sintered in a furnace to form a permeable disk or sheet. Details
of preparation of the proprietary separator, such as composition, com-
paction pressure, sintering conditions, etc., are not given.

The ceramic separator has proven to be resistant to deterioration
in high-temperature KOH electrolyte solutions, and open experimental
Ag-Zn cells containing a single pair of electrodes separated by the in-
organic separator have survived for more than 1500 cycles of operation
at 100° C.

Multiplate cells have been made, in which the separators are cemented
into grooves in a plastic retainer. Control over electrode thickness was
maintained to 0.001 inch to maintain tight packing of the electrodes
between the separator sheets. Cells of this type have survived vibration
to 5 g, shock (level unreported), acceleration (level unreported), and
acoustic noise (148 decibels) without major failure, although leakage of
the bunsen-valve closure and cracking of the epoxy seals was observed.
The effect of environmental exposure upon electrical performance was not
evaluated due to manufacturing defects in both test cells and controls
which resulted in excessive gas evolution from the zinc electrodes.

Sterilization of the cells at 145° C was attempted, in the discharged
condition, but the electrodes dried out at these temperatures.

The primary obstacle to good performance at 100° C appears to be
the loss of oxygen from the silver electrode. In vented cells, this leads
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to loss of capacity. In sealed cells, it would lead to high-pressure
performance and ultimate cell failure due to case rupture. In one case,
pressure rose above 30 psi in 9 hours of cycling.

Arrance et al. (ref. 63) reported discharge and charge characteristics
of silver-zine cells with ceramic inorganic separator material. Operating
characteristics at 25° and 100° C show a deterioration in voltage as a
function of cycling. However, valid performance comparisons between
inorganic separator cells and conventional separator cells cannot be
made because of a lack of sufficient data for preparation of voltage-
current density plots.

ELECTROLYTE RESERVOIRS

The silver-zinc cell requires a maximum amount of electrolyte in
contact with the electrodes during charge and discharge operation and a
minimum amount of electrolyte during overcharge. During overcharge,
excess electrolyte can reduce gas recombination. Work is currently in
progress (refs. 64 to 66) by Chreitzberg and Cushing to develop a bellows
device for control of cell electrolyte level. During discharge and charge,
the bellows would be inflated, forcing electrolyte into the cell from a
reservoir; during overcharge the bellows would be collapsed to return
any excess electrolyte to the reservoir. Test results are not yet available
for evaluation.

A bellows arrangement would probably require a gravity environment
to operate successfully, limiting the general applicability of the technique.
In addition, some external source of gas pressure would be required for
operation.

ENVIRONMENTAL FACTORS
RADIATION

Nicholson, Recht, Argue, and Kelchner (refs. 67 to 70) are investigating
the effects of radiation on silver-zinc cells. The radiation levels simu-
late those encountered in space applications due to cosmic rays and the
Van Allen radiation field. Cells irradiated to 7.2X107 and 9.8 X107 rad
were dissected and analyzed.

Early results showed considerable scatter of cell performance data.
Improvements in capacity and gas collection measurement equipment
reduced the data scatter. Irradiation increased the amount of silver
flaking off the electrode by a factor of approximately 2. Pressure buildup
in irradiated cells was significantly higher than in controlled cells. The
pressure was due to hydrogen evolution and a mechanism was proposed.
Capacity changes in irradiated cells did not follow any pattern. Any
changes were attributed to electrochemical variation rather than
irradiation.

Additional work is planned to study radiation effects at differing
depths of discharge and higher radiation levels. Improvement in analysis
techniques is expected to result in meaningful relationships between radia-
tion and zinc-electrode performance and gas evolution.
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Hica Impacr

The Voyager interplanetary probe has created a need for a battery
capable of withstanding hard landings without affecting electrical per-
formance. J. L. Adams (ref. 71) tested silver-zinc and silver-cadmium
cells at impact levels from 1800~ to 11 600-g peak shock. Results indicate
that cells can withstand shocks of up to 5000 g at velocities of about
160 ft/sec. At higher shock and velocity conditions, cases cracked,
plates shifted or crumpled, and internal shorting occurred. Several
standard production models (sample size appears to be limited to one
cell of any particular manufacturer at a given condition) survived
shocks at 10 000-g peak and velocities of 170 ft/sec.

ESB is developing a heat-sterilizable sealed cell capable of with-
standing a shock level of 5000-g peak from a velocity of 110 ft/sec and
an additional requirement of 10 000-g peak from a velocity of 180 ft/sec.
Three designs were tested in each of three orthogonal directions. Deteri-
oration of voltage underload was the primary ecriterion for internal
damage. Some of the more common failure modes encountered were:

(1) Cell case wall cracks at corners.

(2) Epoxy bond between cell cover and jar sheared.

(3) Positive and negative support struts broke in tension.

(4) Separator was creased and cut slightly at bottom of U-folds.
(5) Silver sheet electrode tabs failed in compression.

Electrode damage varied with thickness. Thin plates wrinkled, while
heavier plates lost considerable active material by flaking,

An improved design cell is presently under construction and will be
tested. Modifications such as electrode support frame, support struts,
plate lead wires, separator, and cell-jar design have been incorporated.
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CHAPTER 7

Lead-Acid Batteries

Lead-acid storage batteries are the most common storage batteries
used today. The first practical battery, built by Planté in 1859, remained
a laboratory curiosity until the 1880’s when the pasted plate was de-
veloped. This development enabled the economic production of lead-
acid batteries and furthered their use in vehicle propulsion and lighting.

The net chemical reaction which takes place in the lead-acid battery is

PbO,+Pb+2H,80, = 2PbSO0,+2H,0

Vinal (ref. 1) gives a complete dissertation on the lead-acid battery,
including history, materials and methods of construction, chemistry,
electrical characteristics, applications, and testing procedures.

An examination of the chemical reaction in the lead-acid battery shows
that the electrolyte, an agueous solution of sulfuric acid, participates in
the reaction. Sulfuric acid is consumed during discharge and regenerated
during charge. To allow operation, a predetermined quantity of sulfuric
acid must be supplied to the battery—the cells cannot operate in a
starved or semidry condition. This makes the lead-acid battery less
attractive for applications in which the absence of gravity causes an
uncertain distribution of the electrolyte in the cell.

NASA-sponsored work on lead-acid batteries was limited to the
Howard and Willihnganz program for the development of a sealed
prismatic cell for space application (ref. 2). The developed cell was
nonmagnetic, capable of high-rate discharges and comparable to the
nickel-cadmium system in capacity at the 80-minute rate. Capacities of
6.9 W-h/Ib at 77° F and 6.2 W-h/Ib at 32° F were found for 0.90-inch-
thick electrode cells. Caleulated capacities for thin-electrode cells were
10 W-h/lb at the 30-minute rate. A major disadvantage of the lead-
acid battery was its inability to accept charge at a sufficiently high rate to
permit recharge during the 60-minute sunlight period of a 90-minute
orbit.

Excess negative-electrode material exposed in the gas space above
the electrodes was used to control the pressure by recombining any oxygen
which evolved on diseharge. The rate of hydrogen evolution on charge
was minimized by clamping the potential applied to the cell to values
below 2.3 volts. '

Five-cell batteries were made using a monoblock construction and
operated using a Dbattery-level modified constant-potential charging
system. Pressure failures resulted from cell divergence. No solution is
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suggested to improve performance at zero gravity in a cell having large
amounts of free electrolyte. : '

NAD Crane (ref. 3) tested 5-A-h cells made under the above program
by operating them at a 25-percent discharge depth at 25°, 0°, and 40° C
(environmental temperature) for a total of 210 eycles. Ampere-hour and
watt-hour efficiencies are reported, but some of the measurements showed
efficiencies considerably greater than 100 percent and are, therefore,
erroneous.

End-of-discharge voltages fell rapidly at 0° C (probably caused by
failure to recharge), but slowly during the first 100 cycles at 25° C and
during the last 100 cycles at 40° C. All cells operated at an average of
2.10 volts per cell after 210 eycles, after which the test was terminated.

Considering the relatively successful results obtained from this limited
development effort, it appears that the lead-acid sealed battery might
compete with the nickel-cadmium battery system for some aerospace
applications, if the problem of electrolyte distribution can be solved.
The lead-acid battery is nonmagnetic, has higher operating efficiencies
(both ampere-hour and watt-hour), lower self-discharge rates, fewer
cells required for a given voltage, and better predictability of bus voltage
characteristics than the nickel-cadmium battery. However, operation
would be restricted to somewhat higher temperatures or to longer orbit
periods, and thermal-control problems would be greater due to absorption
of heat by lead-acid system on discharge instead of on charge as in the
nickel-cadmium cells. Its energy density is unlikely to exceed that of
the nickel-cadmium cell.
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CHAPTER 8

Batteries for Low-Temperature Operation

All types of aqueous electrolyte batteries are limited in performance
at low operating temperatures due to both increased activation polariza-
tion and decreased conductivity of electrolytes. These limitations have
stimulated the development of batteries specifically designed to operate
at low environmental temperatures. For the most part, in the United
States, this work has been sponsored by the U.S. Army and the U.S. Air
Force, since Army equipment must occasionally operate under arctic
conditions and Air Force equipment must contend with the low tempera~
tures encountered in high-altitude flight. Only the NASA-sponsored
work, representing a small proportion of the total, is reported here.

AMMONIA ELECTROLYTE BATTERIES

Armstrong and Meyers (ref. 1) conducted investigations directed
toward the development of an ammonia electrolyte battery operable at
temperatures of —73° C, with an ultimate goal of operation at —90° C.
The chemical system employed a magnesium-alloy anode, potassium
thiocyanate (KSCN) as an electrolyte, in solution in liquid ammonia,
and several compositions of cathode, including mercuric sulfate (HgSO,),
lead sulfate (PbSO,), and meta-dinitrobenzene.

Bobbin cathodes operated successfully with sheet-magnesium alloy
electrodes at temperatures between —63° and —73° C, using both
mercuric-sulfate and lead-sulfate cathodes. The less-active lead-sulfate
cathode, however, limited cell voltage at high drain rates. Later ex-
periments using lead-sulfate pasted-plate cathodes succeeded in increasing
load voltage. The wet-stand time of the mercuric-sulfate cathode was
short because of oxidation of the thiocyanate ion by the mercuric sulfate,
which resulted in reduction of the cathode-active material to metallic
mercury. This self-discharge reaction was inhibited by the addition of
sulfur to the cathode-active material in the ratio of 2 sulfur to 1 mercuric
sulfate. Even so, capacity was totally lost after 4 days of activated
stand at —63° C. Lead sulfate was found to be stable in solutions of
potassium thiocyanate in ammonia.

Several attempts were made at minimizing corrosion of the magnesium
anode in the electrolyte. Chromate dipping passivated the magnesium
anode, but lost its protective effect because pinholes developed. Lead
deposition on magnesium was effective only for short periods of time
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(about 5 seconds). Zinc coatings were formed by immersion plating
(i.e., by substitution) from a pyrophosphate bath, followed by further
zinc plating from a cyanide-electroplating bath. This coating protected
the magnesium from corrosion, but the cell could not be activated even
on very heavy loads because of uneven zinc stripping from the electrode
surface. The activated stand of the lead-sulfate cathode cells was erratic
in behavior, with variations being attributed to the behavior of the
separator. The greater stability of some cells indicates that greater
activated stand periods are achievable with lead sulfate as a cathode.
No practical flight batteries were built.

HEATED BATTERIES

Sparks (ref. 2) studied the application of heated batteries in several
types of space probe and interplanetary flight missions. He concluded,
after a comprehensive survey of heating methods, that three types of
battery heating were promising. Where small amounts of excess
electrical power are available from the primary power source, electrical
heating, combined with lightweight, high-efficiency insulation, is the
lightest and most readily controllable type of heating. Chemical heating,
in the form of cartridges fired sequentially by a ecombination of logic and
thermal sensors in the battery, is attractive for short-term applications of
100 hours or less. Radioisotope heating is most attractive where electric
power is at a premium (such as solar-array-powered probes going away
from the Sun). Radioisotope heating introduces a thermal control
problem, however, because the heat source cannot be turned off. Several
methods for controls of the heat acceptance or rejection rate of batteries
were analyzed.

Sparks also reviewed the properties of the main types of batteries used
for space applications, with particular emphasis on the thermal effects
occurring within the cells and the effects of temperature upon the cells.
Four specific applications were analyzed with the following conclusion:
Spinning solar probes, with or without a rotating despun shield, are not
promising applications of radioisotope-heated batteries, primarily be-
cause the margin of tolerable solar heating of the solar array approximates
that of battery operation without heating. Both systems failed at
identical times and distances from the Sun.

Analysis of a Mars landing capsule demonstrates the ability of a
radioisotope heat source to maintain battery temperatures at reasonable
levels throughout the Martian night.

A Mercury darkside landing capsule is a promising application of the
radioisotope-heated battery, if a sunshade is used to minimize the varia-
tion in spacecraft temperatures during transit between Earth and
Mercury. The landing capsule is visualized as a single insulated com-
partment containing electronic equipment and a battery. Additional
heat is provided by adding a radioisotope source, determinable in size by
the total surface area of the capsule, and the expected internal heat
sources.
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An asteroid belt probe study showed that serious thermal problems
would be encountered at a distance of 2 astronomical units from the Sun.
By suitable modifications and the addition of a radioisotope heat source
to the battery, this distance could be increased to 3 astronomical units.

Conceptual designs for heated batteries were shown.
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CHAPTER 9

High-Temperature Batterigé e

The varying environments in space and in the planetary bodies of the
solar system have generated some interest in the development of galvanic
cells and batteries capable of operating at temperatures higher than the
ordinary aerospace cell. NASA sponsored the study of two approaches :
The first considered the development of an inorganic separator for use in
silver-zinc cells at temperatures around 100° C, and was dlscussed in
chapter 5. The second used molten-salt electrolytes at temperatures from
600° to 800° F' as discussed below.

Subcasky et al. (ref. 1) investigated single electrodes, separators,
molten-salt electrolytes, and cells made from combinations of these for
use at temperatures of 800° F. Several combinations of cells were tried,
using various types of anode, cathode, and separator materials. Among
the anode materials, lithium and sodium corroded separator materials at
an excessive rate. Lithium failed the compatibility tests, and sodium,
which was tried in a complete cell, caused separator failure after a short
time. Further work was done with magnesium and lithium-magnesium
alloy.

Cathode materials (salts and metal oxides) were present as solids or
in solution in the catholyte (i.e., the electrolyte associated with the
cathode and separated from the remainder of the electrolyte by the -
separator). Various inert metals were used as cathode contacts (silver,
gold, tungsten). A molten lithium-chloride-potassium-chloride eutectic
was used as an electrolyte. Of the cathode materials tested, chromium
(IV) compounds either reacted with the electrolyte or formed insoluble
high-resistance films. V,0; reacted with the electrolyte and had a low
energy density. Ferric chloride shifted the reaction mechanism, deliver-
ing low-voltage outputs at higher current densities. Silver chloride had
good electrochemical performance, but low energy density. Cupric
chloride was a very strong oxidant and reacted with electrode and con-
tainer materials, and bismuth trichloride formed soluble or liquid reaction
produects, and permitted corrosion of the cathode current collector. The
most promising cathode material tested was cuprous chloride.

Various separator materials were tried, including fritted glass, porce-
lain, and zeolites (sodium aluminosilicates). Zeolite structures permit
considerable mobility of ions within the solid body at elevated tempera-
tures. Successful experimental cells, capable of 72 hours of discharge at
6.7 mA/cm? of separator area, were built with a Li-Mg alloy anode,
cuprous chloride eathode and zeolite separator; and lithium-magnesium
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anode, copper oxide cathode, and porous glass separator. All cells
constructed were of the laboratory test-tube type. No prototypes of
operational cells were constructed.

One of the most severe problems encountered in the program was the
sealing of the separator to the ceramic tube containing the anolyte or
catholyte. In addition, volume changes occurred in the anode and
cathode compartments during operation of the cell which must be com-
pensated for by a mechanical motion of structural components of the
cell in order to eliminate free gas spaces.
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CHAPTER ]_O

High-Energy-Density Systems

Recent demands for improved power sources have led to efforts to
develop higher energy-density batteries. Two approaches are: (1) the
use of higher potential electrodes which increase energy density by
increasing cell voltage; and (2) the use of materials of low equivalent
weights. In the latter systems, the number of electrons (and, con-
sequently, the number of ampere-hours) attainable per unit weight of
reactant material is increased.

The high-energy-density system consists of an active, high-potential
anode material which gives up electrons, a low-density cathode material
which accepts large numbers of electrons per unit weight, and an electro-
lyte system which must be compatible with both, Because the active
anode materials, such as lithium, tend to liberate hydrogen from water
spontaneously (unless they are passivated by an adherent layer of oxide),
an aprotic electrolyte system must be used (one which has a low avail-
ability of hydrogen ions in solution).

Even though the potentialities of the nonaqueous battery systems are
well known, the materials and research are comparatively expensive and,
in the past, no large-scale market was promising. However, when the
use of portable electronic equipment became more common through the
advent of semiconductor electronics, the need for energy storage in a
minimum size and ‘weight became obvious.

Work on these systems had to start at a very basic level, since no
empirical technological background existed, such as for inorganic electro-
chemical energy-storage systems. Extensive studies of organic-solvent
electrolyte systems were undertaken to determine such properties as
conductivity, viscosity, solubilities of electrolyte salts, and eompatibility
with anode, cathode, and structural materials. It was found that trace
impurities have a greater effect on electrode performance than they do
in aqueous systems.

The choice of solvent systems for investigation has been somewhat
limited because there are only a few solvents which have the proper
combination of properties. To function in a battery system, organic
solvents must be made conductive by the dissolution of ionic solutes.
Therefore, solvents having a high ion-solvation energy must be used. A
high dielectric constant is also desirable to reduce the electrostatic
forces between the dissolved ions, which will reduce the extent of ion-pair
formation.
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The most serious limitation of the organic solvent electrolyte batteries
is that they are restricted to low current-density applications because of
the relatively low conduectivity of the organic electrolytes. The investi-
gation of cathode systems is still incomplete. Thermodynamically, the
most attractive cathode materials are the halogen gases and oxygen.
However, because of their gaseous state, these are more suited to fuel
cells. Most of the cathode research has been directed toward metal
halides such as NiF,, CuF,, and CuCl,, which function as ‘“halogen
carriers,” or ‘to organic compounds with electrochemically reducible
functional groups such as nitro groups. :

Batteries composed of a lithium anode, a metal halide cathode, and an
organic electrolyte containing dissolved salts presently promise to be the
most effective high-energy-density system. Those using organic cathode
materials have the greatest long-term promise because of the greater
coulombic capacity of the organic oxidants.

ANODES

Work on materials for use as anodes in high-energy-density batteries
has been directed toward metals with a high electrode potential and a
low equivalent weight, such as Li, Na, Mg, Al, Ca, and Be. The results
of these studies indicate that, of the above, only Li shows significant
promise as an anode material. The open-circuit and discharge potentials
of the others are less reproducible than those of Li, and oscillations and
transients in voltage are common during discharge. A further com-
plication is the formation of passivating films.

Lithium anodes are fabricated in several ways. Lithium may be
electrochemically deposited on a current collector, or the metal may be
formed into a sheet by pressing or rolling it onto a substrate metal screen
in argon, or other inert atmosphere (refs. 1 through 8). A powder or
paste of the active material, with or without additives or binder, may be
pressed onto a current-collecting screen or substrate (refs. 7 though 9).
Lithium anodes have been fabricated by dipping a metal screen into the
molten metal (refs. 2 and 10), although this was found to give poor
adhesion between the lithium and substrate. The best results have been
obtained by pressing lithium onto an expanded metal screen substrate
(ref. 11).

Although Al is easy to fabricate and use, it is less active than Li in the
same solvent system. Whereas Al can be deposited and discharged with
high efficiencies in some organic solvents, in solvents that are suitable for
high-energy-density batteries, open-circuit potentials are erratic and non-
reproducible (ref. 12).

The behavior of Mg is similar to that of Al in that high efficiencies can
be obtained for deposition and discharge at low current densities in certain
solvents, but the results in those solvents suitable to high-energy-density
cells are unsatisfactory. Furthermore, because Mg passivates in aqueous
solutions, its performance in nonaqueous solutions would be very sensitive
to the presence of traces of water (ref. 40).
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Calcium has had little use in organic electrolyte battery systems, but
has been applied in fused-salt thermal batteries.

The lithium electrode behaves reversibly in several solvents, and the
polarization level during discharge is small (refs. 5, 6, 8, and 13 through
17). 'The deposition of Li during charging takes place with high ampere-
hour efficiency (95 to 100 percent), but the discharge and cycling effi-
ciencies are somewhat lower. In the past, the cycling efficiencies of
lithium electrodes have been only about 85 percent. The loss in cycling
efficiency is usually ascribed to several phenomena. Side reactions result
in efficiency decreases with increases in the number of cycles, indicating
a buildup of deleterious impurities (ref. 13). Mechanical losses also
occur. As more Li is deposited, it becomes less adherent (refs. 6 and 14).
Loss of electrical contact during discharge can occur by preferential
attack at the base of lithium dendrites (ref. 13). Certain substrates,
such as silver and platinum, may form lithium alloys, which may prevent
complete discharge of the Li. While minor amounts of water (50 to
200 ppm) have little influence on the discharge of Li, the presence of
H,0 during deposition causes a significant decrease in the charging
efficiency (refs. 13 and 19). Recent results (reported by R. C. Shair,
A. E. Lyall, and H. N. Seiger of Gulton Industries at the Advances in
Battery Technology Symposium, Los Angeles, Calif., Dec. 1, 1967)
indicate that the cycling problem can be overcome.

Some nonmetallic compounds such as hydrazine derivatives, thiourea
and its derivatives, and sodium borohydride have been tested as anode
materials, but with limited success. In general, the nonmetallic com-
pounds are not particularly attractive because of their low electrode
potentials.

CATHODES

Typical cathode materials tested in high-energy-density batteries
include NiF,, CuF,, CuCl,, CuCl, AgCl, other metal halides, metal
oxides, air or oxygen, and various organic materials. Inorganic-cathode
materials have received more attention than organic cathodes because
inorganic compounds have less complicated overall reactions and more
favorable solubility characteristics. However, organic cathodes have
potentially higher energy densities than known inorganic cathodes, and
their electrochemical reduction products are more compatible with organic
solvent electrolyte systems.

The development of organic-cathode—organic-electrolyte batteries is a
more complex problem than that of aqueous electrolyte batteries
because of the large variety of possible electroactive organic-cathode
compounds, the absence of an adequate theoretical treatment of electro-
organic reactions, and the paucity of data on the electrochemiecal behavior
of most of these compounds in organic solvents.

INorGcaNIC CATHODE MATERIALS

CuF, has a low equivalent weight and a high electrode potential.
At present, its use is limited to primary batteries because recharging the
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electrode has not proven feasible. The discharge characteristics of
CuF, depend on current density, solvent, and on type and concentration
of solute. At low current densities, CuF, discharges with high~coulombie
efficiency and low polarization, but both the coulombic efficiency and the
electrode potential decrease as the current density increases (refs. 16
and 20). Efficiency can be improved by increasing the temperature;
however, this also increases the tendency of the electrode to discharge in
two steps rather than in one, which lowers the available energy density
(ref. 8). Optimum coulombic efficiency at room temperature is 70 to
80 percent (ref. 11).

The CuCl,-CuCl electrode has also been investigated because it is
applicable to secondary batteries. However, the energy density of
CuCl, is lower than that of CuF,, and it is more soluble in the electrolyte,
which makes it susceptible to self-discharge in a working cell. Therefore,
pending the development of migration-inhibiting separators, the copper-
chloride electrode is limited in use to reserve batteries. Further dis-
advantages are the stepwise discharge of CuCl, to CuCl and then Cu, and
the faet that the coulombic efficiencies are only moderate (varying
between 50 and 75 percent) (ref. 11).

The AgCl electrode is both reversible and efficient, but its theoretical
energy density is lower than that of many other cathode materials.
Coulombic efficiencies up to 100 percent have been obtained with AgCl at
low current densities decreasing rapidly with increasing current density
(ref. 6). Cyecling efficiencies of 93 to 100 percent have been achieved by
adding LiCl to the cathode mix to provide a source of chloride ions
during charging (ref. 14).

AgF and AgF, have also been studied, but only preliminary results are
available at present.

Various transition metal fluorides and chlorides have been tested as
cathode materials for use in aprotic solvents. The results obtained with
compounds such as CoF,, CrF,, and NiCl, have been unsatisfactory
because of low efficiencies and high polarization. The fluorides of Mn,
Sb, and Cd are being investigated, but only preliminary results are
available at present. )

With the exception of silver peroxide, all metal oxides tested are
unsatisfactory for use in organic-solvent electrolyte solutions. In the
case of AgO, coulombic efficiencies of up to 40 percent have been obtained
(ref. 3). The nature of the discharge produect of AgQ is uncertain in
aprotic solvents, but because of the high polarizations observed, it is
believed that the electrolyte solution participates in the discharge reaction.
Addition of water to the electrolyte solution reduces polarization.

It is doubtful that metal oxides can be developed into satisfactory
cathode materials for use in organic-solvent electrolyte solutions. Air
and oxygen have also been studied (ref. 21), but as in the case of the metal
oxides, the reduction products do not appear to be compatible with
organic solutions, and the results have been unsatisfactory.
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OrcAaNIC OXIDANTS

A number of organic compounds with electrochemically reducible
functional groups have been studied as possible cathode materials. The
potentially large numbers of electrons available per molecule result in
a low equivalent weight and a high-energy density. The reduction
products of organic-cathode materials are more compatible with organic
solvents than those of inorganic-cathode materials.

The chief disadvantages of organic oxidants are the lack of basic
data on their behavior in organic-solvent electrolytes; stepwise multi-
electron reduction processes, resulting in a decreasing voltage during
discharge; and irreversibility in the latter steps of multielectron processes.
While the initial reduction steps of organic compounds in organic-
solvent electrolyte solutions are frequently reversible, the complete
reduction commonly involves irreversible reactions and, therefore, the
maximum energy density may be obtainable only in primary batteries.
Solubility of the cathode material in the electrolyte frequently results in
self-discharge; adequate migration-inhibiting separators have not been
developed.

Some of the types of compounds that have been investigated are the
chloroisocyanuric acids, chloromelamines, other chlorinated compounds,
nitroalkanes, nitroaromatic and nitrosoaromatic compounds. Com-
parison of the performance of these compounds is difficult because of
differences in test techniques, and because in many cases there is a lack
of certainty about both the reaction mechanisms and products. Fre-
quently, for lack of better information, the reaction paths are hypothesized
to follow similar paths to those in aqueous solution. This uncertainty of
the reaction mechanisms makes estimation of the coulombic efficiency
and cathode performance uncertain.

Tri- and dichloroisocyanuric acids and their salts have been studied as
cathodes by reduction to a 2-volt cutoff potential versus a lithium anode
(ref. 22). These reductions gave low efficiencies (<50 percent), and
indicated that only one chlorine functional group was reducible at
potentials greater than 2 volts versus lithium.

Solutions of hexa- and trichloromelamine have been studied by steady-
state-controlled potential methods (ref. 2). The results indicate that
hexachloromelamine has a higher electrochemical activity than tri-
chloromelamine or trichloroisocyanuric acid. However, the opposite
conclusion was reached during cathode development for the dry-tape
system.

Solutions of N-chlorosuccinimide were studied voltammetrically, and a
high potential (versus Li) and good peak currents were obtained (ref. 20).
Dichlorobenzoquinonediimine was tested and provided satisfactory
capacity, but the voltage was poor compared to trichloroisocyanuric acid.
Investigations were made of 4-nitrosophenol and p-quinonedioxime, but
they were not reduced in a favorable potential range (ref. 20). Studies
on nitroaliphatic compounds indicated that they have little promise as
cathode materials (ref. 23).
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A number of nitroaromatic compounds have been investigated, in-
cluding nitrobenzenes, the dinitrozenes, substituted dinitrobenzenes, and
picric acid. The higher capacity dinitrobenzenes give better performance
than nitrobenzene. The reduction processes of solutions of m-dinitro-
benzene derivatives are influenced by the substituents on the ring, by the
addition of water or lithium ions to the electrolyte solution, and by the
choice of solvent (ref. 23). An enhancement of the effective capacity of
m~dinitrobenzene was observed when lithium ions were present in the
electrolyte solution, indicating that reduction beyond the m-dinitroben-
zenedianion oceurs more readily (ref. 23).

Discharge of m-dinitrobenzene and picric acid cathodes gave high
coulombic efficiencies; the m-dinitrobenzene discharged in two steps,
giving two voltage plateaus, while picric acid discharged with a gradual
decrease in voltage.

Despite the many problems that must be solved before organic oxidant-
organic electrolyte solution batteries can become functional, the potential
rewards are high enough to make this a worthwhile area of research for
the development of primary batteries. Achieving the desired goals
requires patience, sustained effort, and a logical, systematic approach, as
well as the application of sophisticated experimental techniques.

Some commonly used cathode fabrication methods are:

(1) Pasting a mixture of electroactive material, conductive additive,
binder, and solvent onto a metal screen or graphite plate (refs. 3, 6, 7, 8,
16, 24, 25, and 26).

(2) Preparing a filter cake of cathode material, conductive additive,
and fibrous material on a metal screen (refs. 2, 3, 7, and 27).

(3) Pressing a mixture of electroactive material, conductive additive,
with or without binder of fibrous material, onto a metal screen or
graphite plate (refs. 2, 3, 8, 16, 18, and 20).

(4) Hot pressing a mixture of cathode material, conductive additive,
and binder on a metal screen (refs. 8 and 16).

(5) Sintering of electroactive material and conductive additive onto a
metal sheet or screen (refs. 2 and 16).

(6) Pressing a cathode mix around a carbon rod in the conventional
bobbin configuration. '

Because of the number of variables involved in electrode fabrication
such as particle size, quantity and type of additives and binders, com-
pacting temperature and pressure, and electrode thickness, plus the fact
that many of these factors are frequently interrelated, it is difficult to
make valid comparisons between electrodes prepared with different
methods of fabrication. The major difficulty in fabrication of cathodes
appears to be that sufficient compacting to produce an electrode with
satisfactory mechanical strength frequently results in slow and incomplete
wetting of the electrode by the electrolyte solution because of insufficient
porosity. The incomplete wetting then results in an incomplete reaction
and a loss of coulombic efficiency.
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The test methods used to evaluate high-energy cathodes include those
discussed in the previous section. Additional tests that are frequently
used with cathodes are:

(1) Solubility of the cathode material in the electrolyte solution.

(2) Amount of electrolyte absorption into the cathode.

(3) Cyeclic and linear voltammetry on cathode materials dissolved in
the electrolyte solution to evaluate the number of steps, number of
electrons, and reversibility of the electrochemical reactions of the cathode
material.

(4) Cyeclic voltammetry with a metal electrode such as Cu or Ni in an
electrolyte solution to determine if suitable cathode materials can be
formed by anodization of the metal in the electrolyte solution.

ELECTROLYTE SOLUTIONS

To take advantage of the high-energy densities provided by active
metal anodes such as Li, it is necessary to replace aqueous electrolytes
with aprotic media. While this requirement can be satisfied with fused
salts, aprotic organic-solvent electrolyte solutions offer the advantages of
ambient temperature operation and solid anodes.

The typical organic-solvent electrolyte consists of a solution of an
inorganic salt or acid in an organic liquid. Those organie solvents which
dissolve the greatest quantities of ionizing salts are generally most
attractive.

The three major requirements for a battery electrolyte solution are
stability, high conductivity, and low viseosity. The electrolyte solution
must not react with the electrode materials or decompose under normal
operating conditions. In the case of secondary batteries, the electrolyte
solution must be sufficiently stable to withstand the potentials used during
the charging step. High conductivity is necessary to minimize IR losses.
Low viscosity is desirable to permit rapid diffusion of solution species
involved in the electrochemical reactions, thereby minimizing concen-
tration polarization.

For a potential solvent to yield a satisfactory electrolyte solution, it
must have certain desirable properties: high dielectric constant, large
ion solvation energy, and low viscosity. Low solubility of the active
materials in the solvent and a wide liquid temperature range are also
desirable.

Table 10-1 (ref. 11) lists the properties of a number of solvents which
have been considered for use in high-energy batteries. Those in the upper
half of the list are the most common. Organie sulfur derivatives have
also been considered. However, the conductivities of their electrolyte
solutions have been generally unsatisfactory (ref. 28).

Purification and characterization of organic solvents are important to
the development of suitable electrolyte systems. Trace impurities,
especially water, can have a signifiecant effect on cell performance. For
example, it has been calculated (ref. 29) that 1 ppm of waterin 1 milliliter
of otherwise pure solvent could produce an oxide film 1000 angstroms thick
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TaBLE 10-1.—Solvent Properties

i 4 i i Melting Boilin
Solvent ’32"&2532“ (X;xffx%s;fs); ) pgigt, pgigt,g

Propylene carbonate (PC).__._ 64.4 2.2 —49 242
y-Butyrolactone (BL)_ ... __... 39 1.67 -4 206
Dimethylsulfoxide (DMSO)... 48 1.93 6 189
Nitromethane (NM)________._. 39.4 619 —29 101
Acetonitrile (AN)_____..______ 38.8 .36 —42 82
N,N-Dimethyl formamide

(DMF) oo 36.7 .633 —61 153
Methylformate MF)________.. 8.5 .330 -99 +31
N-Nitrosodimethylamine

MDA) ool 53.0 865 |.___ ... 153
Ethylene carbonate (EC)..._. 89 1.9 36 248
Dimethyl carbonate (DMC)__. 15 .60 1 90
Formamide (FM)____.______._. 111.5 3.76 3 211
2-Pentanone_____________.___.. 22 47 —78 102
Cyclohexanone__________..___. 18 2.8 —16 156
Methyl acetate.__________..._. 7.2 41 —98 57

on 1 cm? of smooth, clean lithium. Furthermore, the solubility of certain
cathode materials such as CuF, depends on the H,O concentration in the
solvent (ref. 30).

At present, the solvents are purified by fractional distillation (refs. 31
through 36), and characterized by gas chromatography. Continued
work on both purification and characterization methods is desirable in
the development of electrolytes, especially for secondary batteries.

The important properties of solutes in organic-solvent electrolytes are
high solubility in organic solvents, formation of stable solutions, and a
high degree of dissociation in organic solvents to give good conductivity.
The types of solutes most frequently used are simple salts such as LiCIO;
Lewis acids such as AlCl,, either alone or in combination with an alkali
metal halide; complex fluorides such as KPF;; and complex salts such as
tetraalkylammonium perchlorates. Organic beryllium compounds have
been tested, but have so far shown no promise as solutes in battery
electrolyte solutions.

The following general conelusions concerning organic-solvent electrolyte
solutions can be made (ref. 11):

(1) The specific conductivities of organic-solvent electrolyte are about
an order of magnitude lower than those for corresponding aqueous
solutions.

{2) The properties of the solvent have a pronounced effect on the
conductivity of the solution. Generally, increasing the dielectric
constant of the solution increases the conductivity, whereas increasing
the viscosity of the solution has the opposite effect.

(3) The specific conduectivity of electrolytes increases as the size of the
solute ions increases.
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(4) The specific conductivity is a maximum for most electrolytes
when the concentration of the solute is about one normal. The decrease
in conductivity above this concentration has been attributed to increased
viseosity (ref. 37) and increased ion-pair formation.

One approach to the determination of the stabilities of solvent-solute
systems has been the measurement of decomposition potentials (refs: 3,
4, 8, 35, 38, and 39), but because solvent decomposition is an irreversible
process and is dependent upon the experimental conditions used for the
measurement, this method is of questionable significance (ref. 11).

Acetonitrile, nitromethane, and dimethylsulfoxide form high-conduc-
tivity solutions with many solutes. Lithium causes polymerization of
acetonitrile. Nitromethane may be susceptible to reduction during the
charging of secondary batteries (ref. 40). Dimethylsulfoxide appears to
be compa,tlble with lithium.

There is no immediate degradation of N,N-dimethyl formamide elec-
trolyte solutions, but there is some indication from extended cormpatibility
tests that a long-term, wet-stand operation might result in some diffi-
culties (ref. 9). However, these effects may be caused by residual
impurities in the solution, especially water. n-Butyl formate is stable in
the presence of Li, but gives low-conductivity electrolyte solutions.
Methyl formate gives much better conductivities, but slow gassing has
been observed in the presence of Li (ref. 3).

Propylene carbonate has been extensively studied and is compatible
with Li and most cathode materials. Major disadvantages are the
comparatively low conductivities and high viscosities of propylene
carbonate electrolyte solutions which limit their use to very low-rate
applications. It has been reported that binary mixtures of propylene
carbonate with other solvents such as ethylene carbonate performed
better than either solvent alone (refs. 3, 6, and 41).

The nature and concentrations of solutes in various solvents have a
significant effect on the solubilities of certain cathode materials such as
CuF, and CuCl, (refs. 12, 14, and 27). However, attempts to reduce the
solubility of CuCl, by the use of mixed solvents or by the common ion
effect have been unsuceessful (ref. 11).

Attempts at increasing electrolyte solution conductivities by dissolving
polar gases such as SO, or CO, in the organic solvents have been unsuc-
cessful. It was hoped that the polar gas molecules would interact with
the solute ions, increasing the degree of dissociation, and thereby in-
creasing the conductivity (refs. 3 and 4). However, no significant
improvement was observed.

SEPARATORS

The desirable properties of separator materials are compatibility with
organic solvent electrolyte solutions; high ionic (and hence ohmic)
conductivities to reduce IR losses and conecentration polarization; low
permeability to dissolved cathode materials to reduce self-discharge
losses and give long wet-stand life; and sufficient mechanical strength to
prevent short circuiting of the cell.
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The materials with the best overall performance include (ref. 11)
nonwoven porous materials like asbestos filter paper, glass-fiber filter
paper, polyolefin mats, and microporous rubber. No separator has yet
been developed which will prevent the diffusion of dissolved cathode
materials to the anode and subsequent self-discharge of the cell.

The tests that are usually performed on separator materials are:

(1) Compatibility. (Usually a qualitative test; based on visual exam-
ination of the material after contact with electrolyte solutions for extended
periods of time.)

(2) Separator resistance. (Measured in the usual manner with an ac
impedance bridge.)

(3) Electrolyte absorption and retention. (Measured by weighing the
separator material before and after equilibration with the electrolyte
solution and again after drainage or centrifugation to remove the excess
electrolyte (refs. 7 and 8).)

(4) Separator swelling. (Measured by comparing the thickness of the
material before and after equilibration with the electrolyte solution
(ref. 8).)

Cell-discharge tests measure the performance of a given anode-cathode
combination using various separator materials after wet stand and in a
charged condition (refs. 1, 3, and 8). After standing in a charged con-
dition, the cell may be disassembled without discharge, and the amount
of cathode material which has reacted with the anode may be measured
(ref. 42).

Known separators that are compatible with organic solvents are all
unsatisfactory because of high electrolyte-solution absorptivity (which
increases the total cell weight), and because they do not prevent self-
discharge during activated storage. Investigations should be continued
to find more suitable separator materials.

Because the development of organic-solvent battery systems is still in
its initial stages, structural materials have not been extensively investi-
gated. However, no significant difficulties are anticipated. Prototype
cells have been made using a variety of cell casings. Polyethylene and
polypropylene are the most frequently used materials, and they appear
to be compatible with commonly used organic-solvent electrolyte solutions
and with electrode materials. Certain solutes such as KPF, can cause
corrosion of some metals, but in the absence of water, this problem is
minor. For example, in a KPFPC electrolyte solution containing less
than 50 ppm water, aluminum and stainless steel were negligibly attacked
after 60 days at 165° F (ref. 43). The satisfactory use of standard metal
casings used in other types of commercial batteries has been reported
(ref. 44),

WHOLE-CELL STUDIES

While half-cell studies are useful in studying the behavior of the
individual electrodes, interference by other reactions, or physical effects,
full-cell studies make necessary the evaluation of electrodes in an environ-
ment more nearly that in which they are to be used. Whole-cell studies
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also provide information on the compatibility of materials and reaction
products, and on operating characteristics with limited quantities of
electrolyte solution. They may also expose the existence of other
difficulties, such as the formation of impervious films on the electrodes,
the formation of insoluble precipitates in the electrolyte solution or
separators, or the formation of high-volume reaction produets which
might physically damage the cell.

A large number of combinations of whole cells have been investigated.
However, comparisons between the results reported by different investi-
gators are difficult because of a lack of consistency in the testing methods
and in reported results. Also, in most cases, the configurations of the
test cells have not been optimized, and the electrode development is still
incomplete. A standard method of reporting whole-cell test results
would allow valid comparison of the data.

Lithium has been used almost exclusively as the anode material.
In most cases, the cell configurations have been based on laboratory
convenience rather than optimization of energy density. Because cell
development is still in a state of rapid flux, only a few examples of the
more common combinations are given here.

L1 -CUFg

In the Li-CuF, combinations a flat-plate-configuration cell with two
lithium anodes and a cathode composed of CuF,, graphite, and paper pulp
in a propylene carbonate-LiClO, electrolyte solution yielded 223 W-h/1b
at a 265-hour discharge rate with an average voltage of 3.06 wvolts.
However, when stored at 35° C, the cells self-discharged in a few days.
Dissolution of the CuF, was the cause of the self-discharge (refs. 1, 3,
and 27).

Li-CuCu,

The Li-CuCl, combination cells with pressed lithium anodes and
cathodes of a pressed mixture of CuCl,, silver powder, and earbon black
in a propylene carbonate-nitromethane-AlClL-LiCl electrolyte solution
gave good rate capability, but poor energy density. Self-discharge
caused by CuCl, solubility was a significant problem (refs. 42 and 45).

L1-DICHLOROISOCYANURIC AcID

Static discharge tests with a lithium anode, a cathode consisting of a
mixture of dichloroisocyanurie acid, Shawinigan black, and carbon fiber
and a methyl formate-LiClO, electrolyte solution delivered 144 W-h/1b.
Only the weight of active material, electrolyte solution, and separator
were considered (ref. 22).

SECONDARY BATTERIES
Li-AcCL

Flat-plate cells with pressed lithium anodes, cathodes pressed from a
mixture of AgCl, Ag,0, and graphite, and a propylene carbonate-LiAlCl,
electrolyte solution gave 28 W-h/Ib and cycle lives of 30 to 50 cycles at
moderate depths of discharge (refs. 5 and 6).
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L1 -NIFz

The secondary system with the most immediate promise is Li-NiF,
in a propylene carbonate-LiPF, electrolyte solution. Prototype cslls
have demonstrated 100 W-h/Ib at a 10-hour discharge rate; because the
solubility of NiF, is small, the shelf life of the system is quite good. The
system appears to be stable upon cycling (refs. 9, 10) (R. C. Shair, A. E.
Lyall, and H. N. Seiger, Gulton Industries, Advances in Battery Tech-
nology Symposium, Los Angeles, Calif., Deec. 1, 1967).

THE DRY-TAPE DEVICE

A novel approach to the improvement of energy density in batteries
is the dry-tape-battery concept, conceived and developed by Monsanto
Research Corp. A dry-tape system consists of (1) a thin separator tape,
(2) dry coatings of the active anode and cathode components of a battery
system on either side of the separator tape, and (3) an electrolyte supply.
The tape is continuously or intermittently fed between a set of current
collectors after the electrolyte is released and allowed to wet the tape.
The electrolyte is introduced to the tape by (1) mixing with the coatings
in microencapsulated form, (2) attachment of electrolyte-filled pods to
the separator tape or to a special tape, and (3) feeding liquid from a
reservoir. Thus, a dry-tape battery can utilize high-energy-density
reserve components, not yet feasible in conventional battery configura-
tions, with the additional advantage of a stop-start capability.

The dry-tape concept minimizes some of the common limitations of
batteries and fuel cells, and is itself a fuel cell employing solid fuels.
The system is time invariant in performance, since not only the fuel and
oxidant but also the separator, electrodes, catalyst, and electrolytes are
continuously fed. Thus, constant performance and power output can
be maintained. A summary of the dry-tape concept and its features is
given in figure 10-1.

ANODE DEVELOPMENT AND TESTING

In the initial development work, a zinc block was used as a combined
anode and current collector (ref. 46) in opposition to a silver-oxide tape
cathode. However, high-energy anode materials, such as Mg, Al, Li
(ref. 47), Be (ref. 48), and lithium-beryllium alloy (ref. 48), were tested.
None of these materials are used in conventional batteries because of
corrosion and self-discharge. Three magnesium-anode configurations
were studied in aqueous electrolytes: (1) solid or foil, (2) pressed powder,
and (3) flame-sprayed films on tape backing (nylon, Dynel, polypro-
pylene) (refs. 46 and 48). Testing was conducted in a sandwich-type cell
with fixed interelectrode distance (ref. 47). The counterelectrode was
platinum foil. Polarization data were obtained with the use of both acid
and neutral electrolytes.

Continuous foil, pressed powder, and flame-sprayed anodes all showed
IR losses due to gas evolution (hydrogen blockage). A significant
improvement oceurred when expanded or perforated anode foil was used,
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TAPE TAKE-UP
i

Design Attribute

Use of thin electrode
structures -

Elimination of metallic
grid support

Continuous feed of anode
and cathode

Continuous separator feed

Continuous electrolyte
wetout only as required

Adjustable motor-drive
speed

Separation of active
material from auxiliary
components

Unipotential current
collectors

ELECTROLYTE

ANODE

Beneficial Effect

Minimized (electrolyte)
concentration polar-
ization

Decreased weight

Continuous refreshment
with unused active
materials

Continuous removal of
discharged products

Separator renewal

‘Unused electrode sections

remzin dry

Use of incompatible
couples

Control over feed rate of
reactants

Renewable tape reels for
each unit

Improved electrochemiecal
efficiency

CATHODE

SEPARATOR

209

TAPE SUPPLY
.

Resultent Advantage
Higher voltage

Higher energy density

Constant potential
maintained

Low internal impedance
maintained

Separator shorting, if
occurring, is only a
temporary problem

Reserve capability
maintained even under
stop-start conditions

Higher energy density

Programed power or self-
adjustment through
voltage monitor and
feedback

Logistic storage and
transport advantage

Higher energy density

Figure 10-1.—Features of the dry-tape battery.

and the gases were vented.
perforated magnesium functions better than a solid anode.

In the neutral electrolyte (MgBr,), the

Even though

Mg evolves gases in acidic electrolyte, it is superior to Al because of
its higher single-cell voltage and potentially higher power output.
The other materials tested were not usable as anodes because of power
performance (refs. 47 and 48). Corrosion of magnesium occurred in
acidic electrolyte (2 M AICL). In actual tape configuration cells, the
chemical corrosion and gas evolution were less significant than an-
ticipated. Silver peroxide was used to allow comparison with the
performance of a known battery system (ref. 46). Other systems using
magnesium for the anodes and organic-nitro compounds, positive-
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chlorine compounds, or potassium periodate as cathodes were considered
(ref. 47).

Cathode materials were evaluated in a sandwich cell with an expanded
or perforated magnesium anode (ref. 47) and a platinum foil or graphite
sheet as the cathode-current collector. Electrolyte was supplied by a
prewetted separator or by immersing the entire cell in the electrolyte.

Efficiencies of 80 percent at 50 mA /in.? were obtained with potassium
periodate and picric-acid cathodes when discharged with magnesium
anodes in an acid electrolyte. The magnesium-potassium periodate cell
operated at 1.9 to 2.1 volts; the picric acid-magnesium cell operated at
1.0 to 1.2 volts. Large amounts of acid were required for satisfactory
discharge of periodate and organic-nitro-compound cathodes.

The active chlorine compound, trichlorotriazinetrione, discharged in
acid electrolyte with a magnesium anode, gave high current densities
(80 mA/cm?), whereas in neutral electrolytes the current density was
15 mA/em? Bromine, tested as a liquid cathode, gave 50 W-h/Ib at the
20-minute rate in Mg/MgBr,/Br, tests (ref. 48).

ELECTROLYTE DEVELOPMENT AND TESTING

The major electrolyte screening was conducted during magnesium-
anode development (ref. 47). Magnesium, in a tape configuration, was
efficiently discharged with no gassing in acid aqueous electrolytes of
AIC); or mixed AICl;-HCl. The best neutral electrolyte was 1.5 M
MgBr, and surfactants did not appreciably affect cell performance in the
1.5 M electrolyte. However, the performance of cells using 2 M MgBr,
equaled that of 1.5 M solution when surfactant was added to 2 M electro-
lytes (ref. 48). The neutral electrolyte, MgBr,, was superior to acidic
electrolytes (AICl,, HCI), giving higher energy densities, lower gas
evolution, and less depolarizer decomposition. Acidic electrolytes
drastically reduced the active chlorine content of trichlorotriazinetrione.

The nonaqueous solvent system, Li/LiClO,, methyl formate/dichlo-
roisocyanuric acid, delivered 213 W-h/Ib at 3.2 volts (based on weights
of anode, cathode, separator, and electrolyte). Under constant load the
same eouple gave 190 W-h/1lb at the 5-hour rate. The maximum short-
circuit current density was 200 mA/cm2

Electrolyte screening revealed that methyl formate-(2 M)-LiClO,
solution would support the highest current densities. Dichloroiso-
cyanurie acid and CuF, depolarizers were superior to other depolarizers
tested; Li/CuF, tape cells had energy densities about 75 percent of that
of Li/dichloroisocyanuric acid cells. Pure lithium anodes were superior
to lithium-magnesium-alloy anodes (ref. 48).

MAaNUFACTURING METHODS

In the earlier phase of dry-tape work, the tape was prepared by pressing
the cathode mix into the separator tape. The final cathode tapes were
machine made.
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The best methods of cathode preparation by pressing were:
(1) Aqueous cathode:
Composition:
Trichlorotriazinetrione (78 percent)
Shawinigan acetylene black (18 percent)
Paper pulp (4 percent)
The ecathode mix was dry blended, 3.5 milliliters of trichloromethylene
were added for each gram of cathode mix, and the mixture was stirred for
1.5 minutes. Cathodes were pressed between blotting paper at 100 psi
and dried; 1.2 ml of MgBr, electrolyte (1.5 and 2.0 M) were used per
gram of cathode mix.
(2) Nonaqueous cathode:
Composition:
Dichloroisocyanurie acid (93 percent)
Shawinigan acetylene black (16 percent)
Carbon fibers (1 percent)
The acetylene black and carbon fibers were blended for 1 minute and after
addition of dichloroisoeyanuric acid, the entire mix was blended for
30 seconds. Each 3-in.2 cathode was pressed at 300 1b/in.2; 0.78 milliliter
of electrolyte (LiClO, in methyl formate (2 M) was required per gram of
cathode mix (ref. 48)).

Machine-made cathodes were prepared by spreading the cathode mix
on a 2-mil Dynel separator surface and bonding a 4-mil magnesium
ribbon to the opposite side of the separator with small amounts of
neoprene cement. The complete tapes were wound on reels for storage.

Macroencapsulation of electrolytes in Kel-F 81 tubing was achieved
with payloads (grams electrolyte/gram of tubing) greater than 80 percent.
Loss rate of the electrolyte was about 1 percent per year, measured at
ambient conditions. The microencapsulation of aqueous solutions in
1000-micron-diameter capsules showed high water loss rates (0.3 to
4 percent/day), and initial payloads ranged from 40 to 75 percent (ref. 47).

Anope-CaTtHODE CoOUPLE TESTING

The anode-cathode couples were tested both statically and dynamically.
Used in the static tests was a sandwich-type cell in which a tape cell was
held together between two polypropylene plates by means of spring
clamps. In the case of the aqueous static test cell, holes were drilled in
one of the plates to permit gas venting. The nonaqueous static cell was
essentially the same as the aqueous cell except for its vaportight con-
struction. Platinum foil was used as the cathode-current collector in
both cells. A buret or hypodermic needle was used to feed 0.5 to 1 ml of
electrolyte into the cell. Static polarization measurements were used for
screening and optimizing materials and parameters of tape cells.

The dynamic tests were conducted on a tester capable of continuously
testing a tape cell at speeds of 0.002 to 1.0 in./min. An automatic
voltage-current recording system was used for 24-hour operation. The
electrolyte was fed to the tape by means of a pump. Dynamic tests of
the machine-made Mg/trichlorotriazinetrione tape cell were conducted
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for 4 hours at 2.0 volts and 15 mA/em? These tape cells could be bent
180° around an 0.5-inch rod with no change in either physical or electro-
chemical properties.

MEecHANICAL DEVICE DEVELOPMENT

The first prototype model of the dry-tape battery was driven by a
16-millimeter motion-picture camera motor with clock escapement
mechanism (ref. 46). The anode, which also served as the current
collector, was a zinc block, while the cathode current collector was a thin
silver plate. The electrolyte was supplied by a second tape prewetted
with electrolyte and stored separately (‘‘dual-tape system’). The tape
cell was a porous polypropylene tape coated with AgO. The two tapes
were activated by bringing them together just before their entry between
the current collectors.

The “dual-tape system” was replaced by a single-tape unit driven by
a permanent magnet 4-Vdc gear motor. Four tapes were connected in
series to provide 8 volts at a current of 1.5 to 2 amperes using the mag-
nesium/potassium periodate system. Tape-speed adjustment was from
0.1 to 0.25 in./min with capacity for approximately 75 feet of tape and
total device weight of 2.4 pounds. The parasitic power requirement for
tape drive was approximately 0.3 watt, or 2 to 3 percent of the power
output (ref. 47).

OvVERALL CAPABILITIES AND PROMISE

The aqueous Mg/MgBr,/trichloroisocyanuric acid system delivered
115 to 120 W-h/1b at a constant 2.0 volts. The nonaqueous Li/LiClO,-
methyl formate/dichloroisocyanuric acid cell was developed as a system
which delivered 213 W-h/Ib at a constant 3.2 volts based on the weights
of the anode, cathode, separator, and electrolyte. Preliminary tests of a
Zn/KOH/O, cell gave in excess of 100 W-h/Ib (ref. 48).

The feasibility of the dry-tape concept has been demonstrated. The
device is essentially a fuel cell using a combination of liquid electrolyte
and solid fuels, all of which are individually storable. Because of the
relatively short time of contact between anode, cathode, and electrolyte,
unstable combinations of materials may be used which offer higher energy
density than more stable battery combinations. For the same reason, no
consideration need be given to the wet-stand capabilities of the materials.

A number of problems must be solved before the dry-tape system can
be used as-a working device. A mechanical tape drive of sufficiently high
reliability must be designed. This is obviously not beyond the state of
the art, but considerable engineering must be done before it becomes a
reality. A demand-controlled, variable-speed drive must be designed
and built to take advantage of the energy densities offered by the system.

The advisability of continuing the development to the flight-hardware
stage depends on mission requirements. The dry-tape device itself,
assuming a final design weight of 50 Ib/kW (similar to that of a fuel cell)
and a final fuel-electrolyte energy density of 200 W-h/Ib, is clearly not
competitive with the 1000 W-h/Ib of the H,-O, fuel cell over relatively
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short missions. On longer continuous-duty missions, the total mass of
fuel required (assuming that the H,-O, fuel cell cannot be used because
of fuel-storage problems) would be too great to be competitive with solar-
energy-conversion systems. The dry-tape device can be effective in a
mission, such as an interplanetary probe, in which power consumption
rises drastically at the end of the mission, and the total energy require-
ment is large enough to offset the weight disadvantage imposed by the
tape drive and control system.
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Fundamental Studies

In addition to supporting battery design, development, and testing,
NASA has given a small amount of support to fundamental electrochem-
ical studies. The studies which are directly related to the field of
batteries are summarized here. A program concerned with the behavior
of porous electrodes resulted in a series of reports and masters’ theses
based on work conducted at the University of California at Berkeley
and summarized in reference 1. In these studies, Grens (ref. 2) developed
a one-dimensional mathematical model of a porous electrode in the form
of a complex set of nonlinear differential equations. The porous-electrode
behavior model provides both steady-state and transient predictions of
the reaction distribution in a porous electrode and the relationship
between current density and overpotential. Because the final equation
was too complex for analytical solution, an iterative numerical procedure
for converging on a solution was devised and implemented in a computer
program.

To provide experimental verification for the electrode behavior model,
three independent investigations were conducted based upon reactions
at the solid-liquid interface of a flooded porous electrode. Bomben
(ref. 3) simulated a porous electrode structure by forming a multilayer
electrode with alternate layers of fine nickel mesh and nylon mesh. Each
layer of mesh was insulated from the others to allow the flow of current
through each layer to be measured independently. The convection
effects at the surface of the electrode were minimized by establishing
conditions of turbulent fluid flow.

The ferroferricyanide oxidation-reduction reaction was investigated
using this multilayer electrode. When the results of this experiment were
compared with the theoretical one-dimensional model, the agreement was
poor. This disagreement was attributed to several factors, including the
large pore size (about 100 x), which permitted convective electrolyte flow
within the pores; inadequate turbulence of flow across the electrode face;
and the need for introduction of current-measuring shunts in each of the
circuits, which, although compensated for in the solution of the mathe-
matical model, largely destroyed the model’s utility. Other factors were
also cited, such as trace impurities, and nonhomogeneity of electrode
porosity due to buckling of the screens.

Better control of pore dimensions was achieved in a second experi-
ment in which 5- and 10-layer segmented electrodes were assembled,
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machined flat, and a single pore created by mating the surfaces of 2
segmented electrode halves. Pores of from 50- to 500-u4 diameter were
formed and the behavior of the electrode studied using the ferroferricya-
nide reaction. To avoid convection within the fissure or pore, a porous
glass filter disk was used to stabilize the fluid. When the measured data
disagreed with the theoretical model, the differences were attributed to
dimensional instability of the fissure over a period of time, natural
convection in the fissure, and the larger thickness of the electrode layers
which made the measurements too coarse grained. Alkire (ref. 4)
approached the problem of experimental verification of the model by
electrolytically dissolving in sulfuric acid a porous copper electrode
made of spherical particles of uniform diameter, and by determining the
average rate of solution by microscopic examination and mapping of
the electrode after it had been filled with a potting compound, sectioned,
and polished.

The accuracy of copper-loss estimation as a function of the depth
in the electrode was reduced by variations in the uniformity of the start-
ing porous electrode. Only qualitative agreement was found between
theory and experiment. Other experimental difficulties included exfo-
liation of copper particles from the electrode surface due to weakening of
the sintered bonds by removal of copper, occlusion of reaction products
within the pores of the metal, and poor correspondence between the
calculated electrolytic metal removal and the actual weight changes of
the electrodes.

Nanis and Javet (ref. 5) studied the transient behavior of theoretical
electrodes during faradaic capacitance charging. An equation was
derived which enabled the calculation of the electrode overpotential as a
function of time during the charging period. Specimen calculations are
shown for cases in which the capacitance increases, decreases, and remains
constant as the overpotential changes. The calculation results suggest
that caution be used in interpreting the initial slope of the overpotential
transient voltage wave as being proportional in all cases to the faradaic
capacitance.

Nanis and Adubifa (refs. 6 and 7) investigated a method of determin-
ing the thickness of boundary layers by measuring overpotential. There
was good agreement with theory in most cases.

A series of reports by DeWane and Hamer give values of various
electrochemical properties, including equivalent conductance of aqueous
HCI solutions (refs. 8 and 9) and equivalent conductance of aqueous
HI solutions (ref. 10).

Mean activity coefficients of dilute solutions of electrolytes were
calculated by several approximate equations and printed in tabular form
as a function of ionic strength and temperature (ref. 11).
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CHAPTER ]_2

Principles of DC Electric-Power System
Design

A primary requirement of an aerospace electric-power system is
the delivery of closely regulated electric power to a variety of consuming
load-equipment types at an almost equally large variety of voltages. If
the lifetime of the equipment is intended to be more than a few hours or
days, the logistics of energy supply are such that a secondary battery
system and solar-energy-gathering power source are lighter in weight than
a primary battery or fuel-cell system. Such secondary systems employ
solar arrays for gathering energy from the Sun, converting approximately
10 percent of the incident energy to electriecal energy, and storing a
portion of the energy in secondary batteries for use when the power
requirements exceed the solar-array output power. Other primary
power sources have been investigated, and radioisotope thermoelectric
power sources have been flown in a few satellites in the Tiros program.
However, solar arrays remain the mainstay of the long-life satellite
primary power source field at the present time.

In most cases, the solar array (or other primary power source) is
the single most expensive item in the entire satellite. The total radiant
energy falling on a flat surface normal to the satellite Sun line is approxi-
mately 130 W/ft2. The solar array can convert only 10 percent of this
energy at the beginning of its life, and approximately 7 to 7.5 percent
after a period in space. The result is an electric-power availability of
approximately 8 to 10 W/ft2.

When solar arrays are mounted on spinning cylindrical or spherical
vehicles, the efficiency of the solar array must be divided by = in the
cylindrical case, and by 4 in the spherical case, leading to overall power
outputs of 2 to 3.5 W/ft? of installed solar-array surface area. Similar
considerations apply to other power sources as well. The result is a
stringent requirement for the conservation of electric energy by the design
of high-efficiency power systems. In recognition of this, NASA has sup-
ported systems studies leading to the maximum utilization of power
(ref. 1).

SYSTEM EFFICIENCY

The overall efficiency of an electric-power system is defined as
H== (12-1)

€:
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where
€ output energy
€ input energy

Note that it is not possible to describe efficiency as the ratio of output to
input powers. If the system is running on stored energy, the input power
is zero and the efficiency value is therefore infinity.

EneErcY Barance anp ErrFiciEncy

Generally, satellite and space-vehicle power systems without a battery
are power limited. When a battery is introduced into the system,
the high current-delivery capability of the battery, and the relatively
small energy-collection area of the solar array (or the limited primary
source power if another power source is used), make the system essentially
energy limited. Without a battery, the system must be optimized at
the maximum load power, and the efficiency under all other circumstances
is of little significance. With a battery in the system, the efficiency must
be optimized over the entire cycle, so that the total energy transferred
from source to the load, through the intermediacy of an energy storage
system, is a maximum.

In a solar-array-powered satellite having a constant load power
demand, P,, in an orbit of eclipse duration, ¢,, and illuminated period,
t;, the total energy required from the energy storage units, ¢,, is given
by

€= ("j;b)PL (12-2)

where g, is the efficiency of the battery discharge circuit, and 5, the
watt-hour efficiency of the battery itself. The minimum power required
to recharge the battery is

€; t
£ L = P L -
Pr tane L(mn.mbtd) (12-3)

where 5, is the efficiency of the charging circuit.

If the power is delivered from the source to the loads (which are
considered to contain their own conditioning equipment) without further
processing, the total source power required to operate the system is:

la
N0 Mata

Pu=P.(1+ ) =P (1+ ba ) (12-4)

"std

where 4, is the storage system efficiency =y, .94.

If power-consuming logic and controls are associated with the power
subsystem and operate continuously, the losses in such equipment may be
expressed as an efficiency, 4,, and the final solar-array power required
for full system operation is

_&( 3_) g
P,= o 1+n,ta (12-5)
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Obviously, in an entirely loss-free system 5,=5,=1.0 and the loss-free
system power, PS,, is expressed as '

Po=Pr(1+t./ta) (12-6)
System efficiency,
H Pm 1+te/td (12__7)

TP (/) (1 Ft/n.ta)

The significance of this relationship in determining the effect of storage
system efficiency upon solar-array requirements is that the required
charge power, including losses, is multiplied by the fraction ¢,/t;, which
varies from 0.667 in 100-minute circular orbits to 0.0526 in 24-hour
circular orbits, and may become vanishingly small in some interplanetary
probe applications. Thus, in the longer orbits the impact of efficiency
of energy storage upon solar-array size is reduced.

INnFLUENCE OF ErriciEncy Upon BATTERY CaAPAciTY

The only efficiency factor influencing battery capacity is that of the
discharge circuit, 44; the required installed capacity (C,) varies with the
efficiency as follows:

Py,
Nd

The above relationship assumes a constant battery-discharge voltage
in eclipse, and shows that maximizing the efficiency of the discharge
circuit is critical in minimizing battery weight.

C.=

BaTTERY EFFICIENCY

The efficiency of the battery may be divided into two independent
terms: an ampere-hour efficiency and an average discharge-charge
voltage ratio, By doing this, the data in the foregoing chapters may be
readily substituted into the system-efficiency equations. Efficiencies
of various battery systems differ considerably from one another, and are,
therefore, discussed in the chapters dealing with the particular battery
systems.

ErFricieEncies oF Power-ConpiTioNING EQUIPMENT

Efficiencies of various types of conversion and regulation equipment
are dependent upon the design characteristics and circuit elements
chosen. They also vary with the input voltage so that as the voltage
of the unregulated bus changes with battery voltage, the efficiency of the
entire system undergoes small changes which may, when added together,
make significant changes in the overall system performance capability.
Leisenring (ref. 1) discusses system efficiency considerations in great
detail, and presents a method of designing for optimum system efficiency
with considerable parametric data relating the size, weight, operating
frequency, and efficiency of various types of electric-power-conversion
equipment. However, the efficiencies of equipment shown are based
upon the basie, nonredundant form of the device, and may be optimistic
when compared with similar equipment employing high-reliability,
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redundant circuitry. Similarly, the technique employed for system
optimization is valid when considered from the standpoint of efficiency
and weight alone. Reliability considerations, electromagnetic inter-
ference problems, and other detailed problems are not treated in the
referenced work. Consequently, the conclusions reached must be con-
sidered in the light of the assumptions made and the omissions of im-~
portant factors before they are accepted for a specific bardware
application. ,

Source—Loap MarcHING

One of the major causes of power losses in spacecraft electric-power
systems is a mismatch between the source and the main power subsystem
bus. Figures 12-1 and 12-2 show the relationships between current and
voltage and between power and voltage of two typical satellite primary
power sources: the solar array and the radioisotope thermoelectric
generator. Each of these has an optimum operating point at which
the transfer of power from source to load is a maximum. Operation at

RTG

SOLAR ARRAY

MAXIMUM POWER
POINT

CURRENT

VOLTAGE

Figure 12-1.—Typical current-voltage
characteristics of solar array and
radioisotope thermoelectric generator
(RTG).

SOLAR ARRAY

POWER

RTG

VOLTAGE

Ficure 12-2.—Typical power charac-
teristics of solar array and RTG.



PRINCIPLES OF DC ELECTRIC-POWER SYSTEM DESIGN 225

the maximum power point permits the lightest weight and usually lowest
cost design of the power source.

When the source delivers its power to an operating load, the operating
point is determined by the intersection of the current-voltage character-
istics of source and load. Figure 12-3 shows the operation of a solar
array into a constant power load at the maximum power point. Should
the load change, a mismatch in characteristic would shift the operating
point away from the maximum power point, and the efficiency of power
transfer would be reduced. An additional complication is introduced
when a battery is added to the system. As an example of the difficulties
created when three elements interact within a power system, consider
a straight-through system as shown in figure 12-4. In this system, power
is delivered directly from the solar array or other source to the loads
without an intervening element which might introduce losses into the
system. Theoretically, any energy which is not consumed by the loads

CONSTANT POWER
LOADLINE

MAXIMUM
POWER POINT

CURRENT

VOLTAGE

Figure 12-3.—Solar array/load
interface diagram showing opera-
tion at the maximum power point.

=

soLes LOADS

Figure 12-4.—Basic straight-
through power subsystem block
diagram.
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will be dumped into the battery and stored there, since the battery
appears to the source as another load in parallel with the operating
loads. To achieve maximum power transfer during the battery-charging
period in this type of system, the voltage of the solar array must be
matched at the maximum power point to the charging voltage of the
battery. Consequently, it is not possible to achieve a perfect match
at the discharge voltage of the battery. If charge and discharge voltages
are sufficiently disparate, the loads may operate at a far less favorable
operating point than the original design point because of the mismatch in
voltage characteristics (fig. 12-5). This condition can be severely
aggravated by a large change in source-output characteristics such as may
be encountered in solar-array-powered interplanetary vehicles.

BATTERY
DISCHARGE CONSTANT POWER LOAD LINE
CURRENT

MAXIMUM
| POWER POINT

4

BATTERY
= CHARGE
CURRENT

LOAD
CURRENT

CURRENT

AN
/

VOLTAGE BATTERY
CHARGE
BATTERY DISCHARGE VOLTAGE VOLTAGE

CURRENT

7
|
|

LOAD |
|
|
|

Ficure 12-5.—Solar array/load bat-
tery interface diagram.

By introducing various kinds of control and conditioning elements
into the power-system design, the relationship between the source, load,
and battery can be altered. A comprehensive discussion of the inter-
action between solar arrays, batteries, and loads under changing source
conditions may be found in reference 2, which is directed specifically
toward interplanetary missions but whose underlying principles are
valid in most situations,

SELECTION OF SYSTEM VOLTAGE

In many cases, the selection of system voltage is an arbitrary decision
based upon factors which have little to do with power-system-design
considerations. Frequently, the decision is made on the basis that
existing equipment, already designed for operation at a specific voltage
level, can be used somewhere in the spacecraft at a significant cost
savings. Where decisions can be made on the basis of optimization of a
power system, they are still made on a qualitative basis, rather than on
any quantitative formula.



PRINCIPLES OF DC ELECTRIC-POWER SYSTEM DESIGN 227

The useful range of system voltages is bounded by the following
considerations:

(1) The main power-switching semiconductors in spacecraft electric-
power conditioning and control devices are limited to approximately
100 volts by present technology. Although a few semiconductors having
400 volts and higher ratings exist, 100 volts appear to be a reasonable
estimate of the maximum bus voltage practical at the present time.

(2) The minimum bus voltage practical at the present time is
determined by the losses in the system, and the desire for high operating
efficiency. Losses such as voltage drop in leads, diodes, and other
semiconductors become increasingly significant as the system voltage
falls. The effect is worsened by the increase in current required at a
given power as system voltage decreases. Small systems of a few watts
can be efficiently operated at voltages as low as 5 volts. Larger systems
require higher voltages.

(3) The voltage of a system containing a battery is limited by
reliability considerations. As voltage increases, the number of series-
connected cells required increases proportionately, and the reliability
falls.

Thus far, practical bus-voltage levels for spacecraft- and satellite-
power systems have fallen in the 18- to 35-volt range. As power-system
sizes increase in the near future, it is probable that bus voltages will
tend to increase, perhaps as far as 100 volts. A study of device limita-
tions upon electric-power systems is in progress at TRW Systems, but no
published reports are available at this time.

FILTERING OF CONDUCTED NOISE AND RIPPLE

The use of a battery permanently connected to the main de power bus
provides a significant filtering action, reducing the bus-voltage excursions
by supplying or absorbing the current swings fed back from dc-de con-
verters and other equipment. To date, no published work has been
found which investigates this filtering action in detail, so that the relative
effect of battery charging, discharging, etc., is not known. In addition,
the charge-control requirements of the battery require that at some time
during its operating cycle, the battery be isolated from the bus either
completely, or by a resistance path whose values determine the over-
charge current. This isolation requirement prevents use of the battery
as a filter during the overcharge period.

TRANSIENT BEHAVIOR OF BATTERY SYSTEMS

Typically, batteries will absorb or deliver large current transients
with moderate changes in voltage, provided that the duration of these
transients is of the order of a few seconds. Nickel-cadmium batteries
are rapid in their transient action; silver-zine and silver-cadmium
batteries sometimes require a few milliseconds of recovery time after
the initiation of a step change in load before they reach a stable current
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delivery level. ‘This transient behavior is important in spacecraft appli-
cations because of the common requirement for large pulses of energy
for purposes of ordnance ignition.

Data on the pulse-current delivery of most battery types as a function
of the voltage change is conspicuously unavailable in the published
literature.

DESIGNING FOR THE WORST CASE

It is common practice in spacecraft-system designs to design for
the worst set of conditions likely to be encountered by the component in
question. Frequently, the most obvious worst-case condition, the maxi-
mum eclipse case, is not necessarily the true worst case. Among the
typical worst-case situations which have occurred in various systems
designs are the following:

(1) The minimum-temperature, maximum-depth-of-discharge case,
in which problems are encountered in recharging the battery at an
acceptable rate due to its low temperature.

(2) The maximum-temperature, maximum-depth-of-discharge case,
in which the lowered efficiency of the battery does not permit recharging.

(3) The mid-eclipse-season case, where the depth of discharge
is at or near a maximum, but the memory effect has reduced the available
capacity to an unacceptable level.

(4) The end-of-life case, in which the source has insufficient energy
available to charge the battery at relatively low currents (typical of
longer orbit periods, such as synchronous) because the efficiency of
battery charge is reduced at the low current.

(5) Transient cases during launch, orbit adjustment, orbit ac-
quisition, when the satellite may be operating under an entirely different
set of conditions than the usual orbit-design conditions.

Other critical situations may occur because of large current demands
for firing of ordnance, which can ecause momentary loss of bus-voltage
regulation, or when a fully charged battery has been decoupled from the
bus to prevent overcharging or reconditioning and is unavailable in the
event of a sudden demand.
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Applications

TYPICAL APPLICATION NO. 1,
COMMUNICATIONS SATELLITE

An analysis is made of one of the intermediate design stages of the
Intelsat satellite, varying the design to illustrate specific points. Intelsat
is a global commercial-satellite system designed to operate in a synchro-
nous-equatorial orbit and' provide continuous relay of telephone and
television signals, Its 24-hour orbit spends a minimum of 22.8 hours in
sunlight and a maximum of 1.2 hours in the Earth’s shadow. The
satellite is occulted by the Earth 48 successive days in each eclipse season.
The period of each occultation increases from a few minutes for the initial
occurrence to 1.2-hour maximum during the first half of the season and
decreases during the second half. For almost 5 months after that the
satellite is in constant sunlight. Two eclipse seasons occur each year.

Five years of continuous operation are desired prior to satellite replace-
ment. Therefore, the nickel-cadmium system was selected because of its
longevity. The power requirements of the Intelsat satellite are almost
constant, except for single events such as firing of ordnance to ignite
rocket motors, separation devices, etc., and for short-duration current
pulses to operate relays. Both of these phenomena will be ignored in the
following analysis because the energy consumed is negligible in comparison
with the total energy balance of the satellite.

LoAp ANALYSIS

The initial step in the design and analysis of a spacecraft electric-
power system is the analysis of load requirements. Load data are.
presented in the form of current-voltage curves which are then added to
obtain an aggregate current-voltage characteristic curve for the entire
satellite. The accuracy with which this is done determines the overall
accuracy of the final result. However, to simplify this analysis, assume
that the Intelsat power-consuming loads are concentrated in four
elements.

The two traveling-wave-tube amplifiers are the final stage of the trans-
mitter and provide the radiofrequency energy which is beamed back to
Earth during relay operations. Their power consumption is constant
and essentially independent of signal strength.  They are fed several
closely regulated voltages by individual regulated converters; which
operate directly from the main power bus and perform both conversion
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and regulation functions. The regulated converter has a ‘“‘constant
power” characteristic, and adjusts its current consumption as the input
voltage varies so that the product of input voltage and current is approxi-
mately constant. Deviation from true-constant power is caused by
varying efficiency with input voltage; the efficiency decreases slightly as
the voltage increases.

The central equipment converter provides closely regulated voltages
to all subsystems of the spacecraft except the power subsystem. It has
a constant power characteristic like that of the traveling-wave-tube
amplifier, and consumes approximately 21 watts at an input voltage of
29.4 volts.

The power-control unit contains power-system switching, logie,
voltage-limiting controls, and battery-charge-control logic. It operates
directly from the unregulated de bus and is assumed to have a pure
resistive characteristic. Throughout most, but not all, of its operating
range, the power-control unit is essentially resistive in nature. Although
the resistive characteristic is perturbed by the presence of active elements
such as zener diodes, differential amplifiers, ete., the low power con-
sumption reduces the impact of any error introduced by the assumption
of a pure resistive characteristic. The power-control unit has a power
consumption of 3 watts at 29.4 wvolts. Battery-reversal-protection
electronics are also assumed to operate from the unregulated bus, and
consume a maximum of 300 milliwatts at 29.4 volts.

CHARGE DISCHARGE
CONTROL BYPASS

SOLAR

ARRAY ——-I LOADS

SHUI:T
VLOIA%\I;TEGRE I BATTERY l
i i

Frcure 13-1.—Electric-power-system block
diagram.

A block diagram of the power system and its loads is shown in figure
13-1. Figure 13-2 shows the characteristic curves of each of the loads,
and the aggregate load characteristic of the entire satellite. Because of
the narrow voltage range, the curvature of some of the constant power
lines is slight.

SELECTION OF SYSTEM VOLTAGE AND VOLTAGE RANGE

On the basis of both convenience and common practice for a satellite
power system of this size, approximately 28 volts is arbitrarily selected as
the system voltage. The system-voltage range is determined in a system
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Fioure 13-2.—Estimated Intelsat load
characteristic.

of this kind (parallel delivery of power from the solar array and battery to
the loads) by the ratio of the maximum charge voltage to the minimum
discharge voltage of the battery. Early analysis of some of the individual
loads resulted in a requirement for a minimum of 22 volts to be delivered
to the equipment converter and the traveling-wave-tube converter.
A convenient end-of-discharge voltage for a nickel-cadmium cell is 1.1
volts, resulting in a 20-cell battery. The end-of-charge voltage is limited
by the battery tolerance to 1.45 to 1.47 volts per cell, depending upon the
method of charge control used. This sets the maximum voltage which
may be applied to the battery bus at 29.0 to 29.4 volts. If the system
design is such that the battery is decoupled from the main bus at the end
of charge, system voltage may be allowed to go higher at that time,
if advantageous.

EstmmaTioN oF REQUIRED BATTERY SizE

Because of stringent weight limitations on the satellites (designed to
be launched in clusters, separated in space, and individually deployed to
their operating stations), power subsystem and battery weights are
critical. The battery should operate at a high depth of discharge to
minimize excess capacity, and should be reconditioned during the con-
tinuous sunlit periods after each eclipse cycle. A conservative
assumption, therefore, is that the battery will experience 48 deep-discharge
cycles, and the electrical characteristics will then be representative of
those at end of life. Figure 13-3 shows the estimated electrical charac-
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teristics of a nickel-cadmium cell at the end of a 48-cycle, 80-percent
depth-of-discharge operation. Current is normalized to read amperes/
ampere-hour of cell capacity. A preliminary assumption of 59° F
operation is made, and a maximum allowable depth-of-discharge
constraint is placed upon the cell.

The minimum acceptable voltage line intersects the 20-percent capacity
line at a current/capacity ratio of 0.3. This is equivalent to a discharge
period of (0.8)(3.33)=2.66 hours. However, the discharge period is only
1.2 hours in the worst eclipse. A more rapid discharge rate is required,
up to the maximum possible rate of 1.2/0.8=1.5 hours. This leads to
a current/capacity ratio of 1/1.5=0.667. A new current-voltage load
line intersecting the minimum acceptable voltage line at or near 0.667 is
overlaid on the I-V characteristic of the cell, and a preliminary estimate
is made of the state of charge. In this case, the state of charge at which
an interpolated current-voltage-cell characteristic line intersects the
minimum allowable cell-voltage line at 0.667 is approximately 30 percent
(dotted line). The capacity of the cell is estimated as

Required capacity = (P)(t)/(E ) (n)(DOD) (13-1)
where
P is system power=120
E, is the average discharge voltage=1.2 volts
t is the maximum discharge time=1.2 hours
n is the number of series-connected cells=20
DOD is 1—state of charge=0.7

C=(120)(1.2)/(1.2)(20)(0.7)=8.7 A-h
of which
(120)(1.2)/(1.2)(20) =6.0 A-h
are actually used.

The nearest available size of a prismatic nickel-cadmium cell is the
9-A-h cell. Based upon the above calculation, a 9-A-h battery is assumed
for further detailed analyses.

ESTIMATION OF THE AcCTUAL DEPTH OF DISCHARGE

The preliminary estimate shown above leaves little or no margin for
error, and one is tempted to size the battery at the next larger size to
provide a degree of safety. However, a more detailed analysis may
disclose the existence of a margin not yet apparent.

The current-voltage characteristic of the total spacecraft load is
adjusted to match the scale of the cell characteristic curves by dividing
the current axis by the battery capacity (9 A-h), and the voltage axis by
the number of series-connected cells in the battery (20). This character-
istic curve is then superimposed upon the cell’s characteristic curves and
the intersection points are read. The time between intersection points is
calculated by using equation (3-1), and the voltage and current are
plotted as functions of time. The area under the current-time curve is
then integrated between {==0 and {=1.2 hour to determine the actual
depth of discharge, and the voltage at the 1.2-hour mark is read to
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Figure 13-4.—Load current as a function of
time at constant power.

determine the minimum voltage. Figure 13—4 shows the plotted current
curve as a function of time. After integration, this curve indicates that
the actual capacity withdrawn from the battery is only 5.82 A-h, instead
of the originally estimated 6.0 A-h, in spite of an increase in load from
120 watts in the initial crude calculation to 123 watts in the detailed
analysis. This gives a depth of discharge of 64 percent, adding slightly
to the design margin.

ESTIMATION OF THE STATE OF CHARGE ON RECHARGING

Clearly, the above calculations can be valid only if the cell or battery
begins its discharge from a state of charge of 100 percent. Some assess-
ment must therefore be made of the state of charge of the battery at the
end of charge, under the actual operating conditions, and, if necessary,



234 BATTERIES FOR SPACE POWER SYSTEMS

the discharge analysis must be repeated using a new and different state of
charge as a starting point. In principle, the method of calculation is the
same as that of the discharge analysis, the primary difference being the
need to analyze the simultaneous interaction of the charging power
source (in this case the solar array), the loads, and the battery. 1t is,
of course, necessary to take into account the charge-control logic and its
effect upon the state of charge.

PrELimINARY EstiMaTioN oF PRIMARY SoURCE PowER REQUIREMENTS

Since all of the losses in the electric-power system except battery losses
bave been included in the power requirement estimates, equation (12-4)
for the loss-free source power may be used. Neglecting battery losses

Puo=Piroaa(142./ts) = (122.5) (14-1.2/22.8) =128.0 W

This power must be deliverable at the maximum charging voltage of the
battery, 29.0 to 29.4 volts. The solar array is, therefore, sized to deliver
a minimum of this amount of power at the end of its service life, when its
power output has degraded to a minimum. The maximum power point is
set at approximately 29.4 volts, although this value may change as a
result of later analyses. Figure 13-5 shows an expanded portion of the
current-voltage characteristic of such a solar array at the end of life.
Superimposed upon this curve are the characteristics of the voltage
limiter (a vertical line at 29.4 volts) and of the system loads as previously
computed.

The current available for charging the battery varies as a function of
the solar-array voltage. A plot of the available current as a function of
system bus voltage, shown in figure 13-6, was derived by subtraction of
the load current curve from the solar-array current eurve in figure 13-5.
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Figure 13-5.—Solar array/load interface
diagram.
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For this exercise, it will be arbitrarily assumed that the maximum
temperature of the battery during the charging period is 90° F. There-
fore, the battery has a relatively low charging efficiency at low currents.
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Figurg 13-7.—Nickel-cadmium ampere-hour
efficiency at 90° F as a function of state of
charge and temperature. Normalized eur-
rent (I/C) as the third variable.

It can be seen from a cursory examination of the efficiency curves for
90° F operation (fig. 13-7) that at a charging current of 0.20 ampere
(C/45), the maximum state of charge which can be reached is 50 percent
or less before the conversion efficiency of the battery equals zero. At 90°
F, the available charge current must be increased to a value above C/10
before the 100-percent state of charge is achievable. Alternatively, if it
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is possible to manipulate the properties of the thermal control system so
as to decrease the temperature of the battery during charge, its efficiency
will be increased and a smaller available charge current will be required.

In this case, the option is to increase solar-array current by adding
additional strings of solar cells in parallel until the solar-array current
available for charging is increased to approximately 1 ampere, or C/9 at
the end of life of the solar array (fig. 13-8). The new curve for the
availability of charging current as a function of voltage is superimposed
upon the current-voltage characteristics of the cell (normalizing to I/C)
(fig. 13-9). This kind of relationship is valid because the impedance .of
the battery is very much lower than that of the load or the solar array.
Therefore, the battery alone determines the system bus voltage as long as
it and the load are connected in parallel across the solar-array generator.
From the intersection of the available current curve with the battery
current-voltage curves at various states of charge, it is possible to compute
the state of charge and battery voltage as a function of time by means of
the equation:

Q= Qﬁ‘é (I)(na-n)At

nan=efficiency (A-h) (13-2)

The product of the current and the efficiency are integrated over the
available charging period to determine state of charge. The variables
are manipulated until this integrated value indicates a return to the fully
charged state. Figure 13-10 shows the result of the charging process at
90° F. (Again, an alternative exists—that of failing to recharge the
battery beyond a specific point, and derating the battery performance
accordingly.)

ConNTrOL OF MaxiMmuM BATTERY VOLTAGES

Having established that the battery will be returned to an acceptable
state of charge at the end of the charging period, it is necessary to prevent
overcharge at excessive rates in order to avoid overpressure damage.
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Usually, the worst-case situation is a combination of maximum solar-
array current and minimum battery temperature (if the two can occur
together). Assuming (for purposes of illustration) a minimum battery
temperature of 40° F, and a maximum possible solar-array characteristic
as in figure 13-8, and superimposing the charge current curve upon the
current-voltage characteristics of the battery at 40° F (fig. 13-11), it is
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possible that the battery will reach dangerously high voltages at some
time in its charging cycle. Some method of control must be used which
will prevent the battery from reaching dangerous voltages and yet permit
it to return to a fully charged state within the available charging period.
This defines the requirements of the charging period and the requirements
of the charge-control system for this mode of operation.

SELECTION OF THE CHARGE-CONTROL METHOD

In general, if a charge control can be devised which will function
properly at the extremes (maximum charge current with minimum
battery temperature, and minimum charge current with maximum
battery temperature), it will perform its function at all intermediate
points.

Examination of the various alternatives for battery charge control
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shows that it is possible to eliminate several after only cursory considera-
tion. Slow charging is eliminated because of low efficiency. Stabistors
are rejected because of low efficiency and marginal effectiveness in
preventing overpressure failures. Amp-Gate diodes depend upon a
sensitive thermal interface which must be designed independently of the
equally sensitive battery-thermal interface. This causes almost insuper-
able design complications. Coulometers (or A-h integrators) can be used
only if the battery temperature can be held quite low. Since temperature
has not yet been established, this method is held in reserve.

Two methods remain for consideration: modified constant-potential
charging, and constant or full-array current charging. Either of these
may be combined ‘with switchdown to trickle charge from some external
stimulus related to battery state of charge. This may be temperature,
pressure {via pressure switch or auxiliary electrode) coulometer or A-h
integrator, or time. ‘The modified constant potential may be compen-
sated for temperature variation.

Constant or Full-Array Current Charging With Swztchdown to Trickle
Charge—The only stimulus which can be used safely for return to trickle
charge after a high current charge is cell or battery terminal voltage,
since no other stimulus can give assurance that the cell voltage will never
exceed the maximum permissible voltage. It is also clear from exami-
nation of the worst-case current-voltage characteristic data that if
acquisition of full charge is essential, a single voltage limit cannot be
used over the temperature range of 40° to 90° F or over the full range of
charging currents. If, however, the charging current is limited by the
introduction of a series element, and if the voltage is compensated for
temperature, the method becomes a viable control system. The tem-
perature compensation factor may be determined from figures 13-9 and
13-11 by reading the voltage at which the cell reaches the full state of
charge at the two extreme conditions (fig. 13-11). The limitation of this
control system appears when the two temperatures are so far apart that
the battery fails to reach full charge at the low temperature end in spite
of temperature compensation, or when the battery requires excessive
voltages for charge completion. Tolerance requirements in the voltage
sensor aggravate this problem.

Modified Constant-Potential Charging With Switchdown to Trickle.—
Modified constant-potential charging is somewhat easier to implement
over a wide temperature range. The limiting potential is selected at the
low temperature end by setting it at or above the intersection of the full
charge current-voltage line with a line representing a modest charging
current (say C/40). This assures that voltage limiting will permit full
charge at all temperatures above 40° F if efficiency requirements are also
satisfied. If this voltage is low enough (below 1.47 volts per cell),
temperature compensation of the voltage limit level is not essential,
since one may depend upon the switchdown to trickle charge to prevent
overheating and thermal runaway. If the low temperature voltage is
too high, then temperature compensation is required ; the voltage limit at



240 BATTERIES FOR SPACE POWER SYSTEMS

high temperature is set at approximately the intersection of the minimum
charge-current curve with the full-charge eurrent-voltage characteristic
curve (fig. 13-12). Auxiliary electrodes, coulometers, thermal switches,
ete., can be used individually or in eombination for switching to trickle
charge. However, it is necessary to evaluate the “set point” of each
switching function to make sure that premature switchdown cannot
occur, preventing the battery from reaching full charge.
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Ficure 13-12.—Voltage-temperature com-
pensation curves for return to 100 percent of
nameplate capacity (curves for 110 percent
and 120 percent would be higher).

A variation of the above method is deliberate switchdown to trickle
charge, depending upon the charge accumulated during the trickle period,
prior to reaching the state of full charge. In all of the above methods it
is essential to make sure, by integration of the product of current and
efficiency, that the battery reaches an acceptable state of charge before
it is called upon to deliver energy.

Estimation of Battery Heat Evolution.—Heat evolved as a result of
battery operation cannot, at the present time, be accurately predicted.
Estimates of the heat evolved as a function of time, however, can be made.

During discharge, the values of current and voltage can be used in
equation (2-16) to determine heat evolved. Assume the value of E_,
varies linearly with state of charge from 1.290 at full charge to 1.277 at a
50-percent state of charge. (See ch. 4.) Figure 13-13 shows E,, as a
function of state of charge. Terminal voltage and charging current asa
function of state of charge are known (fig. 13-3). AS is assumed to have
an absolute value of —10 calories per equivalent. Substituting into
equation {2-16) and calculating a heat evolution for each 20 percent state
of charge gives heat evolution during discharge as a function of state of
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charge. This may be changed to a heat evolution versus time relation-
ship by calculation of the state of charge as a function of time and
replotting.

During charge, equation (2-16) is valid only if the equivalent current is
known for each of the reactions. Efficiency data (ch. 4) may be used to
estimate the division of current between the charge and overcharge
reactions, and the expression for heat evolution then becomes:

q=[(E:ev—E) I+KITIn—EI(1—n) (13-3)

This expression takes into account neither the heat evolved during
the beginning of discharge because of recombination of stored oxygen,
nor the energy stored in the cell in the form of oxygen during the transi-
tion period between charge and overcharge. In addition, the heat-
evolution rate calculated with this expression is on the surfaces of the
electrodes, so that an appreciable timelag may occur before these rates
are measured at the exterior of the cell. Figure 13-14 shows the heat-
evolution rate at the cell electrodes as a function of time for one cycle of
charge based upon the assumption of a full-array current charge to the
voltage switchdown point. Similar discharge calculations are practical.

Since the rates of heat evolution and the battery temperature are
interdependent, and since the battery temperature affects all of the design
decisions, the entire design process is necessarily iterative and must be
repeated until the battery temperature converges to a constant profile.
The calculation of battery temperature from heat evolution rates is
dependent upon the thermal characteristics of the vehicle upon which the
battery is mounted. Consequently, consideration of this aspect of the
design process is beyond the scope of this book.

AvuromaTioN oF THE DEsiecn ProcEess

The entire design process can be automated in a digital computer,
provided that applicable data can be found and that a temperature
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Fi1gure 13-14.—Calculated battery heat evo-
lution during active charging (constant
temperature).

caleulation subroutine ean be conveniently added to the program.
Although no published information is yet available, work in this subject
is known to be in progress at TRW Systems and Grumman Aircraft
Engineering Corp. Sufficient progress has been made along these lines to
permit “flying” the system in the computer.

APPLICATION NO. 2, A PLANETARY ORBITER

As a second example of aerospace battery applications, we will briefly
study a proposed configuration of the Voyager spacecraft. Voyager
will be thrust into a trajectory in which it will encounter Mars. During
the cruise made between Earth and Mars, it will orient itself with relation
to three celestial bodies: Earth, Sun, and the star Canopus; make
measurements of the properties of interplanetary space; and upon
command perform any necessary corrections in trajectory required to
assure accuracy of encounter with Mars. For the last, a self-contained
propulsion system is provided.

Upon encounter with Mars, it releases a landing capsule and places
itself in orbit about Mars, again using its propulsion system, where it
remains for approximately 6 months making scientific measurements. Tt
also receives data transmissions from the landing capsule and records
them for relay to Earth when transmission conditions are favora,ble The
total mission duration is 15 months.

The power requirements are highly variable; the minimum being 79
watts, and the peak power 625 watts, a total variation of nearly an order
of magnitude. A detailed study of the Voyager power system and loads
is beyond our scope. However, by making certain simplifying assump-
tions, it is possible to utilize this example to demonstrate appropriate
design methods.
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The basic power-system concept is that of an oriented solar array
which provides source power and battery storage to permit operation
when demand exceeds this source power. Several system design con-
cepts were considered; the configuration finally selected, on the basis of
efficiency and reliability, is shown in figure 13-15.
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Ficure 13-15.—Power-subsystem block
diagram.

Unlike Earth-orbiting solar arrays which undergo only modest
degradation of output with time, the Voyager solar array deteriorates
to less than one-third its original capability during its 9-month cruise to
Mars. In addition, the characteristics of the solar-array change. Its
open-circuit voltage rises with a decrease in solar-array temperature,
while its current delivery capability decreases with the decrease in illumi-
nation intensity as the spacecraft recedes from the Sun. This results in
operating characteristics as shown in figure 13-16.
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acteristics of an interplanetary
space vehicle at Earth (1.0 AU)
and at Mars (1.67 AU).
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MissioN PHASES

The Voyager spacecraft goes through a number of mission phases,
some of which may be critical in the battery-design ealculations.

During launch and acquisition, the spaceecraft injects into its trajectory,
rotates until the solar array is fully illuminated by the Sun, acquires
the Earth, and orients itself with the star Canopus. Only the initial
period requires full battery power.

Having attained its final orientation, the spacecraft enters the cruise
phase, where it remains for 9 months, except for occasional course-
correction maneuvers. During cruise, the battery supplies none of the
electrical energy for spacecraft operation.

When midcourse corrections are commanded, the spacecraft loses
lock on the Sun, Earth, and Canopus; orients itself for thrust; delivers a
timed thrust with its propulsion system; and then reacquires the Sun,
Earth, and Canopus. Since the orientation may be such that the solar
array is not illuminated during this period, the battery supplies all of the
energy. ,

At orbit injection about Mars, the spacecraft again loses its three
reference ‘points, orients and thrusts, and then reacquires the Sun and
Earth. It is now in an orbit about Mars, and may be expected to go
through a series of occultations, during which solar radiation is occluded
by the planet and all energy must be supplied by the battery.

The power and energy requirements during these critical phases
are summarized in table 13-1. The duration of the eclipse period may
vary from orbit to orbit, with a resulting variation in energy consumption.
However, here it will be assumed that all eclipses are identical, and we
will design for the worst case.

TaBLE 13-1.—Simplified Summary of Voyager Power and Energy

Requirements
Phase p]?)%vtetir% enggrtf%’-h nu?r?l?;: }é}n(:;?lges
Launch.._ .. . _________. 225 340 1
Midcourse maneuvers_______ 402 804 4
Injection maneuver___._____ 393 786 1
Orbital eclipses_._..___.____ 408 940 140

SELECTION OF THE BATTERY SYSTEM

A total of approximately 150 cycles is required of the battery, the
majority of cycles to be applied after encounter and orbit injection. The
use of the silver-zinc system seems inadvisable in view of the large
number of cycles, which would require a shallow depth of discharge. In
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the absence of adequate data on the variation of electrical characteristics
as a function of the cycle life of the cells, an alternative method must be
used to estimate the allowable depth of kattery discharge. Figure
13-17 shows a tentative comparison of the cycle lives of silver-cadmium
and nickel-cadmium batteries. At 150 ecycles, the silver-cadmium
batteries may be used at a depth of discharge of 50 percent, the nickel-
cadmium at 87 percent. Applying the same arbitrary rule as was used
in Application No. 1, the maximum allowable depth of discharge is set
at 80 percent. Because the relationship between cycle life and depth
of discharge has not been demonstrated to hold under all circumstances,
the data must be considered questionable.

10 000
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{WITH PERIODIC RECONDITIONS)

|000\ \

AN AN
N

CYCLE LIFE

™~
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N
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10 20 30 40 60 80
DEPTH OF DISCHARGE

Fieure 13-17.—Service life of space batteries at 75°
F as a function of depth of discharge. Note.—Data
of questionable validity.

The use of the arbitrary 80 percent depth-of-discharge rule results
in the silver-cadmium system being the lighter weight of the two candi-
dates. It is clear from a consideration of table 13-1 that the design
point for the batteries is the maximum eclipse orbital condition. Battery
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recharge power is lowest at Mars, recharge time'is shortest, and the
total energy demand is greatest. A battery capable of satisfying the

requirements of the maximum-eclipse orbit will have energy reserves

after each of the other design conditions. The analysis therefore becomes
similar to that of Application No. 1 and need not be repeated except '
where differences exist. .

The discharge data used in design calculatxons are sumlar to those
of figures 5-1 through 5-3. However, in view of the relative unpredicta-
bility of the duration of the upper discharge plateau and its possible
disappearance after long periods in the float-charge condition, a more
conservative design approach would be to assume that discharge oceurred
only on the lower plateau and then proceed accordingly.

Both upper and lower charge-plateau data are relatively predictable,
and all design calculations may follow the general approach of Applica-
tion No. 1. However, in calculation of heat-evolution rates, it 'may be
assumed that the efficiency is unity in any safe battery-operating mode,
and that equation (2-16) holds for both charge and discharge. The
resulting heat-evolution calculations will result in overestimates of heat
evolved during some parts of the cycle and underestimates during other
parts. However, the estimate of total heat evolved will approximate
actual heat evolution reasonably well. (See discussion of heat evolution
in ch. 5.)

APPLICATION NO. 3, TYPICAL LAUNCH VEHICLE

The typical launch vehicle has an operating life of a few minutes,
after which succeeding stages are detached and the vehicle discarded.
Electric power is normally supplied by silver-zinec primary ‘batteries,
which are either automatically or manually activated, and designed to
deliver their energy to the loads in 10 to 15 minutes. Wet storage life of
the batteries is not usually a problem. Power requirements are generally
quite high (of the order of several kilowatts) and hlghly variable with
time.

A typieal launch-vehicle power profile is shown in figure 13-18. This
type of profile, however, does not fully describe the electric-power
requirements since it gives no information about the variation of current
demand with bus voltage or of bus voltage with time. System analysis
based upon this type of information will lead to small errors in estimating
depth of discharge and forces the system designer to abdicate the responsi-
bility of maintaining voltage regulation to the battery manufacturer.
If a more accurate estimate of depth of discharge is desired or if an accu-
rate voltage-time profile is needed, an analysis should be conducted by the
current-voltage characteristic method as presented in chapter 2 and as
applied in Application No. 1 in this chapter.

To simplify calculations to a manageable level for illustration, a highly
simplified system is assumed, which consists of a battery and three
loads individually turned on and off in aecordance with a predetermined
time schedule. The three loads, 4, B, and C, are assumed to be 1 kW
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Freure 13-18.—Typical launch-vehicle power
profile,

at 30 V each, and to be resistive, constant current, and constant power.
The load schedule is assumed as follows:

Minutes Load W

0-2 A 1 Resistive
2-4 A+B 2 Resistive, plus constant current
4-6 A+C 2 Resistive, plus constant power

6-8 A+B+4C 3 Resistive, constant current, constant power

The total energy requirements are roughly estimated at 14 kW-min,
at 30 volts, and require a battery capacity of approximately 14 000/
(60)(30) A-h, or 7.8 A-h.

A rigorous treatment of the analysis would require that the cell char-
acteristic data be presented at constant temperature. As heat is evolved
in the cell, the temperature is calculated for each time increment before
calculating the next small increment and the electrical characteristics
modified accordingly. Such data are not available for silver-zine
batteries, nor are they likely to become available in the near future, The
battery-characteristic data are therefore confounded in temperature, and
are based upon the assumption that the discharge is so rapid that all heat
deposited in the cell remains in the cell during the discharge period.

ESTIMATION OF BATTERY SizE

The estimate of battery size is dependent upon the voltage regulation
required. The initial load is 1 kilowatt resistive. The final load is
3 kilowatts complex and is the largest load. The battery must be able
to support this load at its lowest state of charge.

If 1t is assumed that the allowable voltage range is 27 to 32 volts, then
the minimum acceptable cell voltage varies with the number of cells as

follows:
Cells
19 e 1.42 volts
20 e 1.35 volts
2l e 1.28 volts
2 e e 1.22 volts

2 e e 1.17 volts
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Figure 13-19 shows silver-zine characteristic data upon which are super-
imposed minimum voltage lines based upon varying numbers of series-
connected cells. The crossing of lines representing different states of
charge is due to the initial dip in discharge voltage. The cross-hatched
area represents the range in which the state-of-charge lines are crowded
too closely for convenient presentation.
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Frcure 13-19.—Primary Ag-Zn cell characteris-
tics and minimum system voltage characteristics
as a function of the number of series cells. State
of charge as the third variable.

From the intersection of the minimum voltage lines with the state-of-
charge lines, it is possible to calculate the total installed capacity re-
quired as a function of depth of discharge and number of series cells.

Capacity (W-h)= ) (Ell()) (n) (13-4)
(1/C) (__...()___Q)
100
Since no specific design point has yet been established, equation (13—4)
has several unknowns, and must be evaluated parametrically for several
values of @ (state of charge), N (number of series-connected cells).
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TaBLE 13-11.—Installed Capacity (W-h) as a Function of Number-of-
Series Cells and Depth of Discharge

Percent
90 80 70 60
20, e 2130 1215 1000 oo
21 e 1260 784 736 |o.ollllill
D2 i 814 608 592 647
2 e 680 515 513 560

Table 13-1I1I is derived by solving equation (13-4).for several assumed
values of depths of discharge (100—@) and N, and shows the installed
capacity required as a function of depth of discharge and number of
series-connected cells.

From table 13-11 it is clear that the minimum required capacity is
given by the 23-cell, 70-percent depth-of-discharge case. Since this
oceurs at the lower edge of the table, further optimization is possible by
increasing the number of cells. However, since it is obvious that initial
voltages would be excessive, no further optimization will be attempted.
Having selected this case as the tentative design point, the normalized
current, I/C, is 7.6 at 30 percent state of charge (70 percent depth of
discharge). Current for loads A4+B+C is 100.4 amperes at 27 volts;
therefore, capacity required is given by:

€))
C a0 13.2 A-h (13-5)

This does not imply a total energy-storage requirement of 13.2 A-h.
Rather, it shows that in order to maintain a minimum voltage of 27 volts
on discharge with a battery whose characteristics are described in figure
13-19, the minimum installed capacity is 13.2 A-h, or more than twice the
required energy storage. If the cells were lower in impedance, or if the
minimum voltage was decreased to 26 volts, the required capacity would
be much lower.

The current-voltage load characteristics, shown in figure 13-20, are
superimposed upon the same battery-cell characteristics, with the load
current divided by the cell capacity of 13.2 A-h, and the voltage by 23.
If a cell of some commercially available capacity is selected, the scales
are adjusted to be compatible with the actual cell used. If maximum and
minimum voltage lines are added to the diagram, then

Enex=32V/23 Epin=27V/23 (13-6)
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Ficure 13-20.—Battery/load interface diagram.
Ag-Zn cell and system load current-voltage
characteristics.

Examination of the diagram shows that the voltage during the initial
part of the discharge period (intersection of load line A with the maximum
voltage line) exceeds the upper limit of 32 volts. Several alternatives are
available; all of them depend upon the judgment of the systems engineer
rather than upon any predetermined logic.

(1) The number of series-connected cells may be reduced and the
capacity increased by selecting one of the other alternatives of table
13-11. This represents a weight penalty.

(2) The actual requirements for the regulation limits may be re-
examined for possible widening.

(3) The load programing may be altered, if the mission permits,
to turn the high-current portion on at the beginning of discharge, and the
low-current portion on at the end. Reanalysis of this case would prob-
ably show a significant savings in installed capacity.

(4) Cells which have been specially treated for removal of the
upper voltage plateau may be used if their other characteristics are
suitable.
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(5) A regulating device with wider tolerance for input-voltage
variation may be used between the battery and the loads. The load
characteristics must then be modified to represent the input current-
voltage characteristic of the regulator under each of the load character-
istics.

The above analysis assures that the battery will be able to carry the
maximum load current without falling below minimum load voltage and
has shown that with load A, only the system voltage will exceed the
maximum of 32 volts. The system designer, having been warned, has
resolved the overvoltage problem by increasing the dissipation capability
of load A and of the heat rejection system associated with load 4 so
that it will tolerate the overvoltage.

It appears from an examination of the required capacity (approxi-
mately 7.8 A-h) and the installed capacity (13.2 A-h) that the battery
contains more than enough energy to support the load, and that the
system is power limited rather than energy limited. = This is not always
the case, however. If the possibility exists that the system is energy
limited, it is then necessary to perform the analysis for depth of discharge
and voltage-time profile as previously demonstrated in Application No. 1.
As the loads change at 2-minute intervals, a shift is made on the diagram
from one load line to the other along a constant state-of-charge line
parallel to the nearest cell current-voltage characteristic line.

Heat evolution rates may be calculated using equation (2-16), but will
be inaccurate because of the uncertainty in the division of current between
the two reactions of the silver electrode. An initial assumption of equal
division of currents between the AgO-Ag,0 and the Ag,0-Ag reactions
seems reasonable over most of the operating range.
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Glossary

TERMS

Activity—Corrected concentration values used to make observed elec-
trochemical phenomena conform to theoretical predictions.

Activity coefficients—Correction factors used in converting concen-
tration to activity. These are lumped factors expressing the net
results of a number of complex physical phenomena.

Adhydrode—A proprietary electrode for detection of oxygen manu-
factured by Gulton Industries, Inc., in which hydrogen atoms are
generated at the auxiliary electrode, and held adsorbed on its surface.
Oxygen recombination occurs at the electrode surface. Hydrogen
gas is not liberated from the Adhydrode under normal operating
conditions.

Adiabatic calorimeter—A device for measuring total heat effects; no
heat transfer is permitted into or out of the calorimeter chamber.

Amp-gate diode—A proprietary charge control device manufactured by
the Mallory Battery Co., Inc., consisting of a stabistor mounted on a
heat sink designed to increase the sensitivity of voltage of the silicon
semiconductor junction to temperature changes.

Anion—A negatively charged ion.

Anode—An electrode at which an oxidation reaction (loss of electrons)
occurs. In primary cells, the negative electrode of the cell. In
secondary cells, either electrode may become cathode or anode, de-
pending upon the direction of current flow.

Anolyte—1In cells having separate electrolyte solutions around anode and
cathode, the electrolyte solution surrounding the anode.

Aprotic electrolyte—An electrolyte solution having few available
hydrogen ions.

Argand diagram—An impedance diagram in which the reactance is
plotted on the ordinate and the resistance on the abscissa, as a function
of the frequency of measurement.

Automatic crossover power supply—A regulated power supply having
both voltage and current limiting, either of which may control the
power supply output at any time, depending upon load conditions.

Battery—Two or more cells connected in series, parallel, or a combina-~
tion of both.

Binder—A material, usually organic, used to promote adhesion between
the particles of a powder.
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Bipolar electrode—An electrode structure in which the anode of one
cell and the cathode of the adjoining cell are combined to form a
single member.

Capacitance—The ability of a system to store electrical energy in a
pair of conductors separated by a dielectric, expressed as the ratio of
charge stored to potential difference (coulombs/volt).

Capacity:

Rated capacity—The nominal or nameplate capacity.

Standard capacity—The capacity as measured under a standardized
charge-discharge cycle. '

Measured capacity—The capacity as measured under other than
standard conditions.

Catalyst—A material whose presence increases the rate of a chemical
reaction, but which is itself unchanged by the net reaction.

Cathode—An electrode at which a reduction reaction (gain of electrons)
oceurs. In primary cells, the positive electrode of the cell. In second-
ary cells, either electrode may become cathode or anode, depending
upon the direction of current flow.

Catholyte—In batteries having separate electrolyte solutions surround-
ing the anode and cathode, the electrolyte solution surrounding the
cathode.

Cation—A positively charged ion.

Cell—An electrochemical device consisting of an anode and a cathode
in a common electrolyte solution, or in separate electrolyte solutions
connected by an ionic bridge. Each anode or cathode may consist
of one or more parallel-connected electrodes.

Cell reversal—A reversing of the polarity of the terminals of a cell due
to overdischarge.

Charge—The process of storing electrical energy in a secondary (re-
chargeable) battery by forcing current to flow through the battery in
the reverse direction.

Common mode noise—Electrical noise coupled between circuits
through the common return lines.

Concentration—The number of units of solute in solution in a solvent.
Usually expressed as grams/liter, gram equivalents/liter, etc.

Constant current charging—Charging and overcharging a battery at
a controlled constant current.

Constant potential charging—Charging a battery by applying a
constant potential across the terminals, and allowing the current to
seek its own level.

Converter (dc-to-de)—A device for increasing or lowering the dc
voltage by inverting the de to ac, changing the voltage in a transformer,
and rectifying the secondary power.

Crazing (of plastics)—The development of a network of surface cracks.

Crosslinking (of plastics)—The formation of chemical bonds from
chain to chain of long-chain plastic molecules. Crosslinking usually
results in greater strength and rigidity, but also in increased brittleness.

Crystallite—A small or submicroscopic crystal.
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Coulombic capacity—The number of electrons or coulombs which
can be usefully released or taken up by an electrode material,

Coulometer—An electrochemical ampere-hour meter.

Current collector—The electronically conductive part of a cell electrode.

Current density—Current/unit electrode area.

Cyele life—The number of cyclic operations (charge-discharge) which a
cell or battery will tolerate prior to failure.

Cycling—Repetitive charge-discharge operation of a battery.

Dendrite—A needlelike or treelike branched erystalline growth.

Derivative—A compound formed or derived from a parent compound or
element.

Discharge—The process of obtaining electric power from a battery by
connecting a load across the battery terminals, allowing the voltage of
the battery to force current through the load.

Discharge curve—A graph, measured during discharge, of voltage as a
function of time.

Discharge plateau—The relatively flat portion of a discharge curve
occurring at the middle of the discharge period.

Divalent—Able to exchange or share two electrons in chemical reaction.

Divergence—The tendency of cells to differ from one another in terminal
voltage in spite of being operated at the same current. The phenomenon
appears with increasing age.

Dry-tape device—A type of battery (or fuel cell) in which the electrodes
take the form of continuous strips of tape coated with the cell active
materials. These are fed to the reaction (with an electrolyte tape) at
a rate determined by the power demand.

Edge effects—The phenomenon of unequal current distribution between
edges and face of an electrode.

Efficieney—Ratio of output to input.

Thermodynamic efficiency—Ratio of electrical work output to total
heat content change.

Electrical work efficiency—Ratio of electrical work output to total
free energy change.

Watt-hour efficiency—In secondary batteries, the ratio of electrical
work output (on discharge) to electrical work input (on charge)
watt-hour out/watt-hour in.

Ampere-hour efficiency—In secondary batteries, the ratio of total
charge output {(on discharge) to total charge input (on charge) ampere-
hour out/ampere-hour in.

Utilization efficiency—That fraction of electrode active materials
installed which are electrochemically available for discharge at useful
voltages. '

Electrode—A metallic or nonmetallic conducting body through which
the current enters or leaves an electrochemical cell.

Electrolyte—1. An ionie salt dissolved in a solvent to form an ionically
conductive solution. 2. The ionically conductive solution itself.

Energy density—A figure of merit in common use with batteries, ex-
pressing the stored energy as a function of the weight or volume
(watt-hours/pound and watt-hours/cubic inch).
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Enthalpy—The heat content of a system, usually expressed in terms of
its changes, in a constant pressure process.

Entropy—A measure of the unavailable energy of a thermodynamic
system, commonly expressed in terms of its changes on an arbitrary
scale.

Exchange capacity (of ion exchange material or membranes)—The
number or quantity of ions which can be taken up by an ion-exchange
resin in exchange for an equal number of different ions released.

Faradaic capacitance—The apparent capacitance exhibited by the
electrode-electrolyte interface of a cell electrode.

Flooding—Filling of the pores of a porous electrode with electrolyte
solution, thereby preventing access of gases to the electrode surface.
Formation cycle—A series of charge and/or discharge operations per-
formed on a newly manufactured cell electrode to condition it for

service.

Free energy—That portion of the energy content of a system which is
the maximum available for doing work.

Fuel cell—An electrochemical energy-producing device employing inert
electrodes to which are fed liquid or gaseous reactants, and from which
the reaction products are continuously removed.

Fugacity—Corrected values of pressure used to make observed chemical
phenomena conform to theory. Analogous to activity.

Fused salt—A molten ionized compound (used as an electrolyte).

Galvanostatic measurements—Voltammetric measurements made
during and immediately after an abrupt change in current flow.

Guarded input—An electrical signal input which has been protected
against noise.

Half-cell reaction—The reaction occurring at one of the two cell
electrodes.

Hermetic seal —A gastight seal, usually of the glass-to-metal or ceramic-
to-metal type.

Impedance—The total resistance to the flow of current consisting of a
resistance and a reactance.

Z=R-jsinb

Indicator (chemical)—A chemical which can exist in two differently
colored states at different values of pH.

Inerganic compound—All chemical compounds containing no carbon.

Interface—The junction or dividing line between two different media or
systems.

Integrating voltmeter—A voltmeter designed to integrate the measured
voltage over a small but finite period, thus minimizing the effects of
high-frequency noise components.

Intermediate peak—See Transition voltage.

Ion—A charged radical, atom, or molecule. Positive ions are formed by
the loss of electrons. Negative 1ons are formed by gaining electrons
(from the neutral state). :

Ion conductivity—The process of conducting electric charge by move-
ment of ions.
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Ton pair—Two ions of opposite charge closely joined in solution so as
to be unavailable as individual ions.

Ion solution energy—The energy consumed or released in the solution
of an ion.

Isothermal flow calorimeter—A device for measuring heat effects by
measuring the temperature rise of a calibrated stream of fluid of known
heat capacity and flow rate.

Junction—The interface between two dissimilar metals or two semi-
conductors having a different type of majority current earrier.

Knee—The portion of maximum curvature of the discharge curve at the
end of discharge.

Load cell—A device for measuring force by using electrical strain gages.

Magnetic amplifier—An amplification device in which the amplitude
of an alternating current output signal is controlled by the magnitude
of a small direct current signal in a control winding of a transformer.

Mass spectrometer—A device for qualitative and quantitative analysis
which separates charged particles from one another according to their
mass.

Memory effect—A phenomenon observed in the laboratory in which a
nickel-cadmium battery, operated in successive cycles of constant
depth of discharge, assumes the capacity demanded of it, losing all
of its extra capacity.

Modified constant potential charging—Charging a battery at a
moderate current until its potential reaches a predetermined level, then
charging at constant potential thereafter.

Monovalent—Able to exchange or share one electron in an oxidation
or reduction reaction.

Multiple current charging—See Voltage-actuated multistep charging.

Nitrogen shuttle—A proposed mechanism of self-discharge of the
nickel-cadmium cell which involves nitrates and ammonia as inter-
mediates.

Normalized current—Current/ampere-hour capacity.

Organic compounds—A large category of compounds of carbon.

Overcharge—Continued charge of the cell after it has been fully charged.

Overdischarge—Forcing current through the cell in the discharge direc-
tion after all of the active materials have been exhausted. This
results in cell reversal.

Overpotential:

Ohmic overpotential—The polarization resulting from the flow of
current through the internal resistances of the battery.

Activation overpotential—Polarization resulting from the rate-
controlling step of the electrode reaction.

Concentration overpotential—A shift in electrode potential caused
by a change in the concentration of electrolyte at the surface of the
electrode due to depletion or buildup of ions as a result of current
flow.

Oxidation—The process of loss of electrons; one-half of a redox reaction.

Phase shift—A change in the angle by which alternating current leads
or lags the voltage.
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"Plaque—A porous body of sintered metal used as a current collector
and holder of electrode active materials.

Pocket-plate electrode—An electrode in which the active materials
are held in pockets or cavities in the current collector structure.

Poisoning (of catalysts)—The process by which catalytic activity of a
substance is reduced by contamination with foreign substances.

Polarization—A shift in the potential of the battery from the open-
circuit voltage which results from the flow of current through the
battery in either direction.

Polar solvent—A solvent whose molecules have centers of positive and
negative charge separated from one another. Such solvents act as
dielectrics.

Potential gradient—The rate of change of electrode potential (usually
‘as a function of distance from the electrode surface).

Radiation grafting—The process of forming chemical compounds at
the surface of a substrate by producing artificially induced reaction sites
on the substrate under irradiation.

Reactance—That portion of the total impedance of a system due to
capacitance or inductance. When impedance is expressed as a com-
plex number, the reactance is the imaginary part.

Recombination (gas recombination)—In batteries, the chemical
reaction of gases at the electrodes to form a nongaseous product.

Reconditioning—A process of restoration of the reserve capacity lost
on cycling of a nickel-cadmium cell by deep discharge and recharge.

Redox reaction—A chemical reaction in which one of the reactants
loses electrons to the other.

Reduction—The process of gaining electrons in a chemlcal reaction;
one-half of a redox reaction.

Remote sensing—Sensing of the voltage at a remote location for the
purpose of controlling the output voltage of a regulated power supply.

Reserve battery—A battery having very short wet-stand time but
storable in the dry state. The battery is activated by addition of
electrolyte and used immediately.

Residual magnetism—The magnetic field measured in a battery (or
other device) containing magnetic materials which have become per-
manently magnetized as a result of current flow at some earlier time.

Reversible potential—The open—elrcult or zero-current, potential of a
reversible electrode.

Reversible reaction—A chemical reaction which may be induced to go
in either direction, depending upon the conditions.

Reynolds number—A dimensionless number used in calculation of flow
patterns; i.e., determination when the fluid flow is laminar or turbulent.

Scavenger electrode—An auxiliary electrode designed for recombination
of gases rather than detection or measurement of gas pressure.

Self-discharge—The spontaneous decomposition of battery materials
from the charged to the discharged state.

Sensor—A detection device.

Separator—A porous or microporous, single- or multiple-layered elec-
tronically nonconductive material used between cell electrodes to
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prevent their touching one another. It may also have other functions,
such as electrolyte absorption and control of deterioration processes in
the cell.

Shunt regulator—A regulator based upon the addition of a variable
resistance load across the power supply terminals, in which voltage
regulation is achieved by varying the shunt resistance.

Sintered plate electrode—An electrode formed by sintering metallic
powders to form a porous structure which contains the electrode
material in the pores of the current collector. .

Spinel—A combined oxide having the formula AOB,O,;, where A and B
are metal atoms (usually alkali or alkaline earth metals).

Stabistor—A charge-control device consisting of two series-connected
silicon semiconductor junctions.

Standard electrode potential-—The potential of an electrode, relative
to the normal hydrogen electrode, at standard conditions (25° C and
unit activity). _

Standard state—An arbitrarily defined set of standard conditions to
which all thermodynamic properties are referenced. (A temperature of
25° C and unit activity of all reactants and reaction products.)

Stand time—See Wet-stand time.

Starved cell—A cell containing little or no free fluid solution; this
enables gases to reach the electrode surfaces readily, and permits
relatively high rates of gas recombination.

State of charge—That percentage of the total available active materials
of the cell which are in the charged state. (If the cell is unbalanced,
this refers to the active materials of the limiting electrode.)

Sterilization—The process of killing bacterial and other simple forms of
life. Sterilization of planetary landers is performed to prevent con-
tamination of the planets.

Strain gage—A device for the detection and measurement of small
dimensional changes by measurement of the resistance of a small metal-
lic film whose resistivity changes with strain.

Substrate—A base material upon which a coating or layer is placed.

Synchroenous equatorial orbit—An orbit about the Earth in the
equatorial plane having a period of 24 hours. The satellite in such an
orbit remains stationary over a single spot.

Taper charge—A charging method which starts with a high charging
current, which is reduced as the battery approaches the fully charged
state. Usually similar or identical to modified constant potential
charging.

Thermal runaway—In batteries, the process by which a cell or battery
subjected to a constant applied voltage will undergo progressive
temperature increase and overcharge current increase due to the
negative temperature coefficient of voltage.

Thermocouple—A device for sensing and measuring temperature
differences by the appearance of a potential difference between two
dissimilar metal junctions or semiconductor junctions at different
temperatures.
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Thermopile—A device for sensing of small temperature differences,
and consisting of multiple thermocouple junctions.

Threshold—The magnitude of a phenomenon at which it first becomes
detectable.

Transducer—A device for changing one form of energy into another
(i.e., mechanical to electrical).

Transition voltage—In silver-zinc and silver-cadmium cells, the peak
voltage reached during the transition between upper and lower plateaus
(on charge).

Triangular wave voltammetry—Voltammetric measurements made
during a period of slow linear rise and fall of applied voltage.

Trickle charge—A low-level charging current used to maintain the
battery at the fully charged level with a minimum of damage due to
overcharging.

Voltage-actuated multistep charging—Charging a battery at several
decreasing levels of controlled charging current, switching from one
level to the next when the battery potential reaches a predetermined
level.

Voltage limit—In a charge-controlled battery, the limit beyond which
the battery potential is not permitted to rise during or after the
charging process.

Wetproofing (of electrodes, ete.)—Treatment of a porous body with
materials having a high interfacial tension relative to the electrolyte
solution to prevent flooding of the pores with the liquid.

Wet-stand time—The survival time of a completed battery or cell,
filled with electrolyte, and stored unused. Wet-stand time may be
expressed as the time of storage prior to loss of a portion of the battery
capacity. ‘
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Ohmic overpotential=1R

Current

Resistance

Activation overpotential

Current density

Concentration overpotential

Reversible potential

Potential, volts

Gibbs free-energy change

Gibbs free-energy change at standard conditions
Faraday’s constant=96500 coulombs/gram equivalent
Temperature, °C or °F

298.6° K (standard conditions)
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Eleetrical work

Maximum available electrical work
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Entropy change
Heat rate dQ/dt; calories/second, watts, ete.
Entropy

Thermodynamic efficiency= [ * EJ dt/4.186 NAH
Number of mols reacted "

Electrical work efficiency= [ * ET dt/4.186 NAG
‘l
Watt-hour efficiency= [ ET dt “EI dt
v=frEra/f,

Ampere-hour efficiency= [ %] d b dt
P v=frra/f

Impedance

Time

nth value of state of charge

Average efficiency

Average current

Capacity

Normalized current

Proportionality constant=AS/F
Universal gas constant = (liter-atm/mol °K)
AH/2F

Battery voltage

Overall power system efficiency

Energy output

Energy input

Stored energy

Eclipse period

Discharge circuit efficiency

Battery efficiency =y,

Charge circuit efficiency

Daylight period

Regulator efficiency

Load power

Solar array power

Solar array power received in a loss-free system
Depth of discharge

Average discharge voltage

Number of series-connected cells

System power

Number of electrons exchanged/molecule
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Mars Orbiter, 242
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