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ABSTRACT

This(program was designed to establish optimum methods for operating_
nickel-cadmium batteries in order to substantially^increa&e^HeIr~cycling life.
Fifteen batteries containing aerospace-type cells we re "operated under related,
but different, cycling schemes to determine the effects of rapid charging,
rapid djscharging,j3harge termination, and other factors on theTife of~a
nickel-cadmium battery. The computerized test automatically monitored and
recorded the many parameters that characterize the operation of a cell.
These included capacity, watt-hours, current efficiency, energy efficiency,
voltage, and pressure. The parameters were analyzed as a function of cycle
life. The results have led to a set of seven relationships between operation
and cycle life. It is suggested that these be considered when designing a
battery system for long life.
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NICKEL-CADMIUM BATTERY TEST PROJECT—

RELATIONSHIP BETWEEN OPERATION, LIFE,

AND FAILURE MECHANISM

VOLUME П. BATTERY TEST RESULTS

INTRODUCTION

The useful lifetime of a spacecraft can be limited by any of various
factors, but most often is fixed by the failure of some critical component or
subsystem; it is not uncommon for this failing subsystem to be the battery.
Extending the life expectancy of space batteries can, therefore, lead to a
significant decrease in the cost of the space effort by increasing spacecraft
lifetimes.

There is a two-step approach that can be used to study the factors that
are essential to extending battery life. The first step entails an empirical
(or "black box") study of the relationships between the life of a cell and the
manner in which it is operated. Such a study seeks to identify those processes
—rapid charging, rapid discharging, deep discharge, overcharge; etc.—
which are injurious to the cell and thus tend to limit battery life. With this
knowledge, it would then be possible to operate the battery in such a way as
to minimize the effects of those processes. The second step is to identify
and characterize the degradation processes which lead to cell failure and
then to take appropriate steps to curtail or eliminate the problem. This
second step is a materials problem.

These two steps were combined in a single program, the Nickel-Cadmium
Battery Test Project. The first phase was devoted to cycling 15 batteries in
such a way as to reveal the previously mentioned relationships between mode
of operation and cell life. The second phase covered a materials study of the
failed or degraded cells.

This paper is the second volume in a series of four on the combined study.
The first volume has been published (by Martin Marietta Corporation). The
contents of Volumes I and П are outlined in the following paragraphs.



Volume I describes (Reference 1) the various battery cycling modes, i.e.,
the "experimental design," and details the procedures and instrumentation
involved during the various phases of the project—acceptance testing of the
cells, cycling of the batteries, and analytical studies of the cells tested.

The present volume—Volume П—gives the results of the cell acceptance
tests and battery life testing. It describes the operating conditions for all
batteries, the parameters measured during the life cycling test, and the
relationships between operation and life as revealed by the test program.
Volume П is divided into the following sections:

• Acceptance Tests—a description of the initial tests on the cells as
supplied by the manufacturer

• Battery Test Description—a discussion of the overall test program
from the standpoint of plan, operation^ and measured parameters

• Battery Output Comparisons—a discussion of the parameters, in-
cluding cycle life, capacity, energy efficiency, voltage, and
pressure; and of comparisons made between the batteries and of the
trends in the parameters which were the result of the battery cycling
experience

• Relationships Between Operation and Life—a series of seven
suggestions, based on the cycling test data and the trends in the
parameters, to optimize battery operation and to increase life.

The title of the forthcoming Volume Ш is "Analysis of the Cells and
Their Components." The analysis was performed on five cells from each test
battery. A test battery was considered to have failed when five (or more) of
its ten cells had reached any one of the following three limits: (1) a discharge
voltage of less than 1. Ov before completion of the normal discharge half-
cycle, (2) a voltage in excess of 1.50v during the normal charge half-cycle,
or (3) a loss of more than 75% of its initial capacity! As soon as battery
failure occurred, the test was terminated, and the five remaining cells were
subjected to a series of other tests to determine the factors affecting degra-
dation. Three cells were tested to determine changes in electrical charac-
teristics—capacity, overcharge tolerance, electrode imbalance, etc. The
other two cells were opened, and the various components thoroughly
examined—visually, chemically, and physically—to establish what changes
had taken place. The results are presented in Volume Ш.



An additional report, entitled "Computer Program for Analyzing Battery
Performance Data," which was an outgrowth of this program, has been pub-
lished (Referenced). It contains a description and procedures for a set of five
computer routines for abstracting and presenting battery test data. *

ACCEPTANCE TESTS

Before battery assembly, the individual cells were subjected to a series
of acceptance tests. These tests served as a means of: (1) certifying that the
cells met the manufacturer's specification; (2) comparing cell capacities, end-
of-charge voltages, pressures, and internal resistance; and (3) selecting cells
to assure that the test batteries were comprised of relatively uniform cells.
The results of the acceptance tests are found in Appendix A. When the accept-
ance tests were completed, limits of acceptability were established. The
cells that were within the limits were utilized in the test; the others, many
of which were never used in the test program, were allowed to stand on open
circuit. At a later date when Batteries 13 and 14 were established, some of
the cells were given another acceptance test and installed as part of one or
the other of these new batteries.

BATTERY TEST DESCRIPTION

The test cells for this study were 6-ampere-hour, VO-6HS nickel-
cadmium cells supplied by Gulton Industries. They were tested at the Balti-
more Division of the Aerospace Group, Martin Marietta Corporation. The
cells were matched and assembled into slots in individual battery test racks.
Most of the batteries contained cells that were matched statistically on the
basis of the acceptance test data, the exceptions being Batteries 13 and 14.
The manufacturer data and acceptance test data for each cell in its battery
position are listed in Appendix B.

Each battery contained ten 6-ampere-hour hermetically sealed,
aerospace-type nickel-cadmium cells with a ceramic-metal seal on one
terminal and with the other terminal welded directly to the can. Each cell
consisted of nine (9) nickel-hydroxide-filled positive electrodes of the
sintered-nickel type interspersed among ten (10) sintered-nickel cadmium-
hydroxide-filled negative electrodes. These platesxwere manufactured by
the Societe des Accumulateurs Fixes et de Traction (SAFT) process, and
ceramic-metal seal was made by means of a silver braze material inside the
cell. Some cells (three to five per battery) were equipped with pressure

*This report is not designated as a numbered volume.



gauges, and others (one per battery) had a 0-250 psia pressure transducer
connected to the fill tube. The remaining cells were sealed at the pinch tube.

All cells were operated at 25°С in a circulating-air temperature cabinet
in which the temperature was calibrated at various positions to assure a
maximum deviation of ± 1° C. Each cell was constrained at the sides by a
coated steel plate to prevent bulging. Two problems were noted during the
early stages of the test. First, some of the cells were concave, and therefore
the center of the coated plate was restrained only when there was pressure
within the cell. This problem was alleviated by placing small spacers (shims)
between the cell wall and the coated plate. The second problem involved
possible leaks in the ceramic seal; it was solved by potting the seal with an
epoxy compound.

The overall battery test program is shown in Figure 1. It can be seen
from the arrangement of the various operational modes that the intent of the
program was to isolate variables. Thus the three batteries in Group I were
operated in such a way as to hold constant all variables except discharge
rate and thereby determine the effect of this variable on performance and life.
The test was divided into groups according to the type of operating variable
being studied. The variable in Group I was the rate of discharge; in Group II,
the type and rate of charge. In Group in, the variables were charge termi-
nation and effect of constant-potential charging; in Group IV, the variable was
the effect of charge rate during the period prior to the gassing. A second
principle of the program was to operate one battery as the "control" battery
and compare the operation of all other batteries to it. Battery 0 served as
the control battery.

Group V comprises the cycling schemes used in the battery cycling tests
at the Naval Ammunition Depot (NAD), Crane, Indiana (GSFC Contract Wll,-
252B). These tests used the same type of cells from the same manufacturing
era as those in Groups I-IV. All batteries in the Martin Marietta test and
Packs 13 and 17 at Crane can be compared with Battery 0, which had the
same rate, depth, and/or type of charge or discharge. For the most part,
the depth of discharge employed was 25%. In Group IV and in two instances
in Group П, the depth of discharge was greater. One operating cycle in
Figure 1 is called the AMF-UDC (upside-down cycle)—58% depth of discharge.
This was an unusual cycle in which three batteries, operated at 10°C, 25°C,
and 40° С at AMF in Alexandria, Virginia, were drained every fourth cycle
to balance the cells in the discharged condition, instead of in the charged
condition by overcharging as in the normal instance. This cycle is included
because the cells came from the same manufacturing lot and were of the type
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used in the Martin Marietta battery test program. Similar logic was used in
the listing of batteries in Group V.

In attempting to isolate variables, it is imperative that at least one param-
eter be held constant. The problem arises that, if the charge or discharge rate
is changed, either the time or ampere-hours is affected. For this test, depth
of discharge was chosen as the basis for comparison and, in most instances,
the cells were discharged for 1/2 hour to a depth of discharge of 25%. Other
questions arose concerning the voltage and current limits. In most instances,
the voltage and current limits were chosen to correspond to those of Battery 0
(the control battery). For example, the low constant-current voltage (1.425v)
of Battery 8 was derived from the average erid-of-charge voltage of the cells
in Battery 0 after a constant-current (C/10) charge. This C/10 charge also
governed the charge termination (I = C/10) of Battery 8. The term "C"
normally refers to the nominal cell capacity, which in this case would have
been 6 ampere-hours, and therefore the C/10 rate would be equivalent to
0.6 ampere. However, for this test "C" refers to the average actual capacity
of the cells; hence the C/10 rate was actually 0.63 ampere. The depth of dis-
charge when using the nominal cell capacity was therefore actually 26.25%.
Packs 13 and 17 from the Crane test had charge and discharge rates as shown
in Figure 1, which resulted in a depth of discharge of 25%, based on the
nominal capacity.

The battery test was controlled and monitored by an IBM 1710 process
computer which scanned the data and recorded them onto punched cards when
preset limits were reached. The purpose in using a computer is obvious
when one considers (1) the need for-24-hpurs-per-day operation, monitoring,
control, data acquisition, and recording; (2) the ability of the computer to
contain fail-safe devices for emergencies; and (3) the fact that the desired
accuracy and validity of data acquisition are beyond the limit of human ability
employed in conjunction with manually operated equipment. As a result of
automated testing, 0.5 million IBM cards containing battery test data were
recorded and later transferred to four magnetic storage tapes by means of a
series of computer programs.

The battery test was started with Battery 0, which was given a 16-hour
charge prior to cycle 1 discharge. The other batteries, except 10 and 11,
were charged the same way before their operation in the prescribed operating
mode. Batteries 10 and 11 were started in the test program with their cells
completely discharged and then given a cycle 1 charge to initiate the testing.
Batteries 0-9 and 12-15, and Packs 13 and 17 from NAD-Crane, were always
balanced by overcharging for the desired time or to the desired limit.



Batteries 10 and 11 and the AMF-UDG batteries were always discharged to
failure in order to balance the cells.

BATTERY OUTPUT COMPARISONS

Battery performance during the cycling test is discussed in this section in
terms of measured or calculated parameters recorded automatically by the
on-line computer. Certain parameters, i.e., voltage and pressure, were
recorded during the half-cycle (charge or discharge) process. Others, i.e.,
capacity and efficiency, were recorded upon completion of the half-cycle
when a compilation or integration of the data was required. For purposes of
discussion and ease of computer data reduction, the parameters are divided
into the following subsections:

• Cycle life

• Duration, ampere-hours, and watt-hours

• Current efficiency, energy efficiency, and E/I ratio

• Voltage

• Pressure

• Depth of discharge and periodic draining—AMF battery test

In each subsection, the variables are discussed in terms of trends
exhibited by the battery during the test and comparison of the trends between
the various batteries and battery groups. For general interest, the values for
many of the measured or calculated parameters averaged over the entire cycle
life for each battery are given in Table 1. The values are separated into six
sets of parameters for charge and the same six sets of parameters for dis-
charge. Two additional sets listed in the "Charge" table are energy efficiency-
current efficiency and number, of cycles included in the averaging. This table
serves as a general summary of the many variables observed and recorded
during the test program.

Cycle Life

The criterion used most often to describe battery life is the number of
charge-discharge cycles in which a battery performs within specified limits.
Usually, the limits are applied to each cell in the battery, and the term
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battery failure" depends on how many individual cells have exceeded the pre-
set limits (failed). For a battery test such as this, the objective was to obtain
a large enough sampling of failed cells to represent the effects of operation on
the battery. A battery was considered failed when five of its ten cells had lost
more than 75% of its 6-ampere-hour capacity, or had an end-of-charge voltage
exceeding 1.50v, or fell below a discharge voltage of 1. Ov before completion
of the normal discharge half-cycle.

The numbers of cycles and days of operation before battery failure or test
termination are listed in Table 2. Fifteen of the batteries listed are those
tested in this program while the other five were being tested at AMF,
Alexandria, Virginia, or NAD, Crane, Indiana. Of the 20 listed, 13 failed
because of degradation accompanying cycling before termination of the test
program. The test was terminated when it was decided that additional cycling
could not produce results having a significant effect on the program objectives.
Cell failures in this program were of three types—degradative, catastrophic,
and manufacturing-lot dissimilarities. The degradative (long-term) type was
the most important in that these failures gave the greatest insight into the
influence of operating factors on battery life. This type is used in establishing
relationships between operation and life appearing later in this report. The
catastrophic type of failure included cells that leaked or shorted prematurely.
The third type of failure was caused by the unusual behavior of those cells that
were equipped with pressure transducers. One cell of this type was installed
in each of the first 11 original batteries. These cells were delivered later
than the other cells and exhibited abnormal acceptance-test characteristics.
They were returned to the manufacturer for adjustment by a long low-rate
overcharge and then later returned to Martin Marietta for testing. Because of
this treatment, because many of these cells failed prematurely, and because
their mode of failure was high end-of-charge voltage (unlike that of most of
their neighbors), it was decided that failure of these cells should be disregarded.

A number of features of Table 2 deserve special mention. As a first item,
Battery 8 registered 10,218 cycles during the test program and was terminated,
when the program ended, with only three cells having failed. This battery was
operated in a manner conducive to long cycle life. This statement is supported
and discussed below. Second, three batteries were terminated prematurely for
specific reasons, (a) Battery 3 was terminated soon after the start of the test
because its operating cycle closely approximated that of Battery 0. The cells
from Battery 3 were allowed to stand on open circuit for two years, after
which time they were given another acceptance test and cycled as Battery 12.
(b) Battery 5 failed after only 568 cycles. This failure is attributed to the
fact that Battery 5 was charged using two-step current operation (C/2-C/10)

10



Table 2

Cycling Test Results

Battery

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

AMF 10°

AMF 25°

AMF 40°

Pack 13 (Crane)

Pack 17 (Crane)

Cycles

3,065

3,928*

2,072

5,418

568

320

2,837

10, 218*

4,582*

3,834

5,793

3,863*

5,976*

2,323*

6, 613

5,870

2,332

3,598

2, 449

Days

479

860*

370

551

117

75

830

940*

760*

558

480

390*

390*

363*

557

513

260

225

306

No. of
Cells Failed

5

1

5

-

5

5

5

5

3

2

5

5

2

0

0

5

5

5

5

5

* Testing terminated before failure of as many as five cells.
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and both steps were terminated at E-p, which was dependent on the charge
voltage of Battery 0. . (Е-т, is defined as the average end-of-charge voltage of
the cells in Battery 0 on a given cycle.) Battery 0, on the other hand, was
charged using only a C/10 charge rate. The ET for Battery 0 was not high
enough for Battery 5 to achieve a full state of charge. The problem was
aggravated by the fact that the depth of discharge of Battery 5 was 50%.
(c) The charge mode for Battery 6 was like that of Battery 5, and it is pre-
sumed that both batteries failed for the same reason. Batteries 3, 5, and 6
were not considered in deriving the relationships appearing in this report.

Third, it is of interest to compare the cycle life of Battery 7 (2,837
cycles) with that of Battery 8 (10,218) while at the same time comparing the
number of days of operation of Battery 7 (830) with that of Battery 8 (940).
The great difference in cycle life in spite of a similarity in the number of
operating days results from the fact that the operating cycle of Battery 7 took
7 hours, while that of Battery 8 was approximately 1-1/2 hours. This com-
parison is significant because it confirms the fact that many times a short
cycle life does not necessarily mean inferior performance. For comparison,
the batteries are listed in order of decreasing cycle life and decreasing
number of days of operation in Table 3.

It should not be concluded from the data in Table 3 that nickel-cadmium
batteries are now generally capable of operating for periods ranging from 1 to
3 years. It should be emphasized that the cycle life and days of operation
listed are based upon the criterion of five cell failures or, in some instances,
upon deliberate termination of the test. Flight batteries, on the contrary,
often fail with the failure of the first cell and almost invariably do so with the
failure of the second. Table 4 was compiled to illustrate the randomness and
tendency to early failure of the cells used in this test program. It shows that
ten batteries had a first cell failure within a 6-morith period and that six of the
ten had a second failure within the same period. Only one battery was com-
pletely operational after 1 year, although five batteries operated a full year
without a second cell failure.

A histogram of the batteries on a cycle basis is given in Figures 2 and 3,
affording a better overall picture of the randomness and rate of failure for all
the batteries. The position in the battery of each cell failure is indicated (by
cell number), and the number of cycles to failure for each can be approximated
from the scale.

12



Table 3

Comparison of Batteries in Order of Decreasing Cycle
Life and Days of Operation

In Order of Decreasing
Cycle Life

Battery

8

AMF 10°

13

AMF 25Э

11

4

9

12

1

10

Pack 13 (Crane)

0

7

Pack 17 (Crane)

AMF 40°

14

2

5

6

Cycles

10,218*

6,613

5,976*

5, 870

5,793

5,418

4,582*

3,863*

3,928*

3,834

3,598

3,065

2,837

2,449

2,332

2,323*

2,072

568

320

In Order of Decreasing
Number of Days

Battery

8

1

7

9

10

AMF 10°

4

AMF 25°

11

0

13

12

2

14

Pack 17 (Crane)

AMF 40°

Pack 13 (Crane)

5

6

Days

940*

860*

830

760*

558

557

551

513

480

479

390*

390*

370

363*

306

260

225

117

75

* Testing terminated before failure of as many as five cells.
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Table 4

Compilation of First and Second Cell Failures*

Battery

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

AMF 10°

AMF 25°

AMF 40°

Pack 13 (Crane)

Pack 17 (Crane)

First Failure

Cycles

666

1,580

1,316

—
2,098

281

193

1,058

3,563

2,386

1,388

2,080

536

>5,976

>2,323

1,368

1,033

1,991

308

721

Days

142

379

185

—
201

41

"39

308

341

358

202

17,3

38

>249

>232

95

72

138

19

45

Second Failure

Cycles

1,899

>3,928

1,500

—
2,267

290

320

2,200

3,823

3,323

1,456

2,698

2,434

>5,976

>2,323

5,597

3,865

2,026

502

721

Days

295

>942

211

—
217

92

64

640

366

497

212

, 224

172

>249

>232

388

268

140

32

45

* Excludes cell 9 for each battery in the test program.

14



5

Z

О
Ь

Э

3065о

•3928a

568

-ц

L 320o

~ч̂ 1

AT 1.435

/*
~5418a

,DATA FOR FAILURES UNAVAILABLE
— 2837 о, с

X' ,6/'

-••45820.

448

3834b

-•-3863.

t I
VECX: veoc

TO TO
1.44 1.45

-•-5976

10218а

-*-2323
(a) Cells considered failed when capacity loss exceeded 75%.
(b) Cells considered failed when EOC voltage is Rreater'than 1.51 v.
(c) Five cells failed.

1 ' _L _L _L
1000 2000 3000 4000 5000 6000

CYCLES

7000 8000 9000 10000

Figure 2. Histogram of Batteries Tested at Martin Marietta

15



оооо-

ОZZ
5

Оо<•ясеРч

О"\

\\

\

\

£Т
Г

8о8о

г,

<
I

<ее.
О

<

at
ТЗ"гаНсо(D

'•SЬО

СО

таI

A
H

3iiV
8

1
6



Duration, Ampere-Hours, and Watt-Hours

This subsection is concerned with three derived quantities which were
calculated and recorded by the computer at the end of each half-cycle. These
quantities are: (1) the duration of the half-cycle, (2) the ampere-hours
passed, and (3) the watt-hours of energy involved. These three parameters
are similar in that they are all functions involving time as a variable, in the
following integrals:

Duration = Т = / dt,

Ampere-hours = A = / idt,

and

Watt-hours = W = /.V idt,avg' '

where t is time, i is current, and Vavg is the average voltage of the working
cells. These values, three for charge and three for discharge, are plotted
versus cycle number in Appendix C. The data for every 25th cycle are plotted
for all batteries in the test program with the exception of Batteries 3, 5, and
6, which were discounted for reasons discussed earlier.

The trends in the three variables during the cycling test as exhibited in
Appendix С are given in Table 5. A horizontal arrow ( —-) denotes a
constant-level output for the parameter during the cycling life of the battery.
Where a level trend is indicated, only the average value of the parameter
taken over the entire cycle life is given. Vertical arrows ( | or { ) indicate
upward or downward trends in output during cycling. In addition to the average
value of the parameter, the upper and lower limits are given. An irregular
trend is denoted by "I" where the parameter showed no distinct trend. For
cases when more than one trend could be assigned to a parameter, a multiple
trend is given, as in the case of Battery 9 charge duration.

Most batteries were operated (Figure 1) in a constant-current-for-a-
fixed-time mode on charge and/or discharge. Those in Group I were of this
type. This is reflected in their level time-duration and ampere-hour
parameters (Table 5). For the watt-hour parameter, however, a downward
trend is noted. This is because the average voltage is included in the calcu-
lation. The decreasing trend in watt-hours for Batteries 0 and 2 on dis-
charge reflects a degradation in the discharge voltage level. This was
indicative of the loss in overall capacity of the cells during the cycling test,
in which they lost 75% of their 6-ampere-hour capacity. The cause of this

17
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loss is related to the charge rate of C/10 combined with a C/2 discharge rate.
This is discussed below.

The batteries in Group П were all discharged (Figure 1) using the same
constant-current-fixed-time discharge procedure as with the Group I batteries.
However, two types of charge operation were utilized: (a) a single-step
operation which for both Batteries 12 and 13 included voltage limit termination,
and (b) a two-step operation which for Battery 4 included a voltage termination
for both steps and for Battery 14 included a time termination of the first step
and voltage termination of the second. This operation of Battery 4 resulted in
an irregular charge-time duration which further affected the ampere-hour and
watt-hour parameters. The Battery 12 watt-hour parameters decreased for
both charge and discharge. Note (Table 5) the smaller average ampere-hour
values for charge of the Group П batteries as compared with the Group I
batteries. Yet the Group П batteries operated for a much longer cycle life
than the Group I batteries. The charge rate has a profound effect on cycle life.
(See the next section, "Relationships Between Operation and Life. ")

In Group Ш, Battery 7 was operated in a constant-current-fixed-time
mode for charge; Battery 8 was operated in a constant-potential charge mode
which was terminated when the current dropped to the C/10 level. Battery 9
operated in a constant-current mode and was terminated by a pressure limit in
one cell of the battery. All three were discharged in the same manner as
Group I and Group П. The watt-hour values of Battery 7, which was charged
exactly twice as long as Battery 0, were level for charge and discharge
throughout the test. Both the current termination of Battery 8 and the pres-
sure termination of Battery 9 produced irregular values of charge duration
which affected the other two parameters as well. The Battery 9 data can be
described in terms of three distinct periods (see Appendix C). During the first
period (cycles 1-1,300), during which time the pressure transducer cell
satisfactorily terminated the charge, the parameters were level. During the
second period (cycles 1,300-2,000), the charge-duration parameter was
Irregular and was indicative of the problems in the pressure transducer cell,
ш the third period (cycles 2,000-3,500), the pressure transducer cell was
removed from test, and the battery was charged for a fixed time (3.0 hours),
corresponding to the previously established pressure limit. The level param-
eters reflect the results of this third period of operation.

In Group IV, Batteries 10 and 11 were charged .and discharged at a con-
stant current. The charge was terminated after a fixed time, and the discharge
was terminated at a 1. Ov limit. Also the unusual operation comprised a 50%
charge from the completely discharged condition ("height of charge" as com-
pared to "depth of discharge"). Battery 10 discharge parameters exhibit two
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periods, the first of which was the result of the initially planned operational
mode (cycles 1-1,750). The second trend of the parameters during discharge
(cycles 1,750-end) reflects a change in charge operation in which the voltage
limit of 1.50, which already had been reached before the end of charge, was
extended to 1.51 on cycle 2,950 and then to 1.52 on cycle 3,100. The problem
of high end-of-charge voltage was evident in all cells in this battery. Battery 1-1
behaved similarly but only after longer operation. In this instance the charge
time was reduced slightly (see Appendix C, page C-23) instead of increasing
the charge voltage limit. The high end-of-charge voltage for these two bat-
teries was accompanied by high pressures at the end of charge. This behavior
was unexpected, since the cells were never charged for more than 3 ampere-
hours after discharge to 1. Ov per cell.

Current Efficiency, Energy Efficiency, and E/I Ratio

Current efficiency and energy efficiency were calculated and recorded
only at the end of each complete cycle. They are defined in the usual terms
as follows:

_ • . . , . . Ampere-hours discharge
Current efficiency = —7^ °-

Ampere-hours charge

and

_ ...... Watt-hours discharge
Energy efficiency = „. .. , B-i •bj • Watt-hours charge

Because the watt-hours and ampere-hours were available for each half-
cycle, it was decided that another derived quantity would be computed and
recorded. This quantity is referred to as the "E/I Ratio" and is defined as
follows:

_ /T _ .. Watt-hours/Ampere-hours
E/I Ratio = . * т •

Average current

The term "watt-hours" refers to the total watt-hours for the battery divided by
the number of cells. The E/I ratio is thus the time-weighted b attery voltage
divided by the product of number of cells and the time-weighted average current.

This information was recorded in the hope that a study of cycle-to-cycle
changes in this ratio would provide some insight into the rate at which a battery
is degrading, or that an early indicator of ultimate life might be discovered.
A cursory study of the results has attained neither of these objectives. These
data, accurate to a few parts per thousand, are available on magnetic tape to
anyone who wishes to make additional studies.
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Trends in the three parameters discussed in this subsection—current
efficiency, energy efficiency, and E/I ratio—are given in Table 6 and are
presented graphically in Appendix D.

In Table 6, the following items are significant. For the Group I batteries,
it can be seen that current efficiencies are constant over the life of, all three
batteries. This is of course a consequence of fixed-current, fixed-time
operation. The energy efficiency of Battery 1 (C/8 discharge) was also
essentially constant. The energy efficiencies of Batteries 0 and 2, however
(C/2 and 2C discharge), decreased with life. This decrease was a consequence
of a cycle-to-cycle decrease in the discharge voltage which was large enough
to more than compensate for a simultaneous but smaller decrease in the
charge voltage.

A puzzling problem can be found by comparing the marked irregularity
of the energy and current efficiencies of Battery 4 and Battery 8 with the
corresponding efficiencies of Batteries 12, 13, and 14 (Table. 6 and Appendix D).
It can be seen in Appendix D that there were relatively large fluctuations in
the current efficiency and energy efficiency of Batteries 4 and 8 and that these
efficiencies were essentially constant in Batteries 12, 13, and 14. This marked
dissimilarity is not to be expected, in view of the similarity of the charge-
discharge patterns of these batteries. This relationship is paralleled by a
dissimilarity in the charge E/I ratios of these two groups. Batteries 4 and 8
were characterized by an ascending value of E/I on charge, while the value of
this ratio was constant for Batteries 12, 13, and 14.

There is no reason to believe that this anomaly was caused by a weakness
in the equipment, and attempts to explain these results in terms of electro-
chemical phenomena have not been successful. In short, the reason for these
differences is not known.

The current efficiency values for the batteries in Group II were quite high
(87.7% to 97.5%), which is equivalent to a 1.14 to 1.03 charge-to-discharge
ratio. The energy efficiencies were correspondingly high (80.5% to 90.3%).
Note that these high efficiencies were accompanied by relatively high values
for cycle life. Compare, for example (Figure 2), the lives of Group П
batteries with those in Group I.

The irregularity in the current efficiency and energy efficiency of
Battery 9 (Appendix D and Table 6) was undoubtedly associated in some way
with the fact that charge termination depended on the pressure of one of the
cells. Note that this irregularity disappeared after this cell failed and time-
termination of the charge process was adopted.
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The Group IV batteries, numbers 10 and 11, were discharged to 1. Ov per
cell on each cycle and then given a charge corresponding to 50% of capacity.
Both of these batteries exhibited a decreasing trend in both current efficiency
and energy efficiency followed by an increasing trend in these parameters.
These changes were less marked for Battery 11. For Battery 10, the voltages
of the cells were approaching 1.50v per cell before 3 ampere-hours was
returned. The end-of-charge voltage limit for Battery 10 was raised to 1.51v
per cell and then to 1. 52v. It is interesting to note that the watt-hour values did
not increase significantly, but the efficiencies increased because ampere-hours
of discharge increased slightly. Although Battery 11 followed the same format,
the results were not as pronounced and indicated that the C/2 charge rate was
more efficient than the C/5 (Battery 10) rate.

The E/I ratios increased only for Batteries 4 and 8. This is interesting,
since both batteries exhibited quite irregular trends in watt-hours and
ampere-hours. In no case did the E/I ratio decrease.

Voltage

The voltage of the 10 cells in each battery was monitored by the computer
during every cycle. However, voltage data were punched onto cards for per-
manent record only at a preset cycle number (every 250) or when the watt-hour
value had changed by 2% from the previously stored value. This was done
automatically by the computer in its capacity as a processor and data acquisition
system. The voltage was taken at constant intervals during the charge and dis-
charge cycles, but there were no voltage and current data specifically taken at
the very beginning and end of charge or discharge—an error which should be
corrected in future cycling tests.

The voltage on charge and discharge for every 500th cycle is plotted vs
ampere-hours for each of the battery groups in Appendix E. These data are
summarized in Table 7, in which the range of voltage for cells 1 to 5 is given
at 1.0-ampere-hour input, end of charge, 0.75-ampere-hour of output, and
end of discharge. It is significant that the voltage range at 1.0 ampere-hours
of charge appears to be higher for all those batteries which exhibited larger
cycle life, e.g., 1.39 to 1.40v for Batteries 12, 13, 8, and 9 as compared to
1.37 to 1.38v for Batteries 0, 2, and 7. Similarly, the voltage range for
these same longer-life batteries is higher at 0.75 ampere-hour of discharge
(1.27 to 1.28v) than is true with the shorter-lived batteries (1.17 to 1.26v).

These observations cannot be completely explained in terms of obvious
reasons such as charge-to-discharge ratios. It seems very probable, however,
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that these voltage differences are related to the differences in the amount of
gassing and overcharge as discussed below.

It seems probable that additional information could be derived from the
large amount of voltage data generated during the test program. However,
such studies are best conducted using statistical techniques. These have not
been attempted by the authors.

Pressure

At least four of the ten cells in each battery were equipped with pressure
gauges (except Battery 14, in which three cells were so equipped), and one cell
in most batteries was equipped with a pressure transducer (none in Battery 14).
Pressure measurements were made by visual inspection during a complete
cycle at least once per month. These were tabulated and stored in log books.
The pressure transducer output was fed into the computer so that, on every
cycle in which voltage was recorded, pressure data were recorded also.

The pressure gauge data have been reduced and are presented in Appen-
dix F. The minimum and maximum pressures are given at intervals of
approximately 250 cycles. The difference between these two values (ДР),
averaged over the life of the battery, is given in Table 8.

It can be seen in Table 8 that the average ДР for Battery 1 was greater
than that of either of the other two batteries in Group I. The difference—
10.4 psi vs 8.4 psi—is probably significant, but the authors can offer no
clear explanation for the fact that a lower discharge rate is found to be
associated with a larger pressure change.

A more fruitful comparison can be made between Battery 0 and Battery 9.
The cycling regime for these two batteries was the same except that the former
received more overcharge—2. 06 ampere-hours of charge vs 1. 83 ampere-
hours of charge (see Table 1). This difference brought about a very significant
difference in the respective average ДР values (see Table 8) and, more
importantly, in the cycle life of these two batteries. Five cells of Battery 0
failed after 3, 065 cycles, but only two cells of Battery 9 failed (excluding
cell 9) after 4, 582 cycles.

Another interesting relationship is disclosed in Table 9, which lists the
various batteries in ascending order of average ДР. It can be seen that
(except for batteries marked "*") there is an inverse relation between this
variable and the cycle life given in the third column. "No. of Cells Failed"
(fourth column) should be taken into account in making this comparison.
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Table 8

Average Pressure Changes

Cell
No

0
1
2
3
4
5
6
7
8
9

Average

Battery No.

0

7.3
5.0
8.4
9.8

10.1
8.3

8.2

1

11.4
11.7
12.4
10.0
9.9
9.6
8.0

10.4

2

8.7
9.7
8.8
7.3
8.2
8.4

8.5

4

4.1
3.4
3.6
2.9
3.7
4.1
3.0
2.9

3.5

12

1.0
0.9

1.4
0.4
1.1
0.6
0.5
0.6
0.5

0.8

13

0.9
0.7
0.3
0.3
0.0

0.4

14

1.0
1.3
1.3

1.2

7

14.6
18.2.
22.3
13.4
15.8
18.5
21.0

17.7

8

2.3
1.9
1.9
2.3
3.2
3.6
2.1

2.5

9

3.7
2.8
2.4
2.0
2.0
3.9
3.8
4.2
1.4

2.9

10

6.9
8.3
7.6
6.9
6.0

7.1

11

2.7
2.2
3.0
2.8
2.6
4.6
3.6
4.4

3.2

Table 9

Comparison of Battery Life and Average ДР

Battery

13*
12*
14*
8*
9*

11
4

10
0
2
1*

7

ДР
(psi)

0.4
0.8
1.2
2.5
2.9
3.2
3.5
7.1
8..2
8.5

10.4
17.7

No. of
Cycles

5,976
3,863
2,323

10,218
4,582
5,793
5,418
3,834
3,065
2,072
3,928
2,837

No. of
Cells Failed**

0
2
0
3
2
5
5
5
5
5
1
5

* Removed from line prior to failure.
** Cell 9 of all batteries excluded.
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Battery 1, the only battery discharged at a low rate (C/8), is an obvious '
exception. Apparently this slow discharge had a deleterious effect on the
ability of the negative to recombine oxygen without adversely affecting life.

It should be noted that Batteries 10 and 11 exhibited a significant ДР.
This was somewhat unexpected, since these batteries were charged for only 3
ampere-hours and discharged'to l.Ov—a 50% height-of-charge cycle contrasted
with a 50% depth-of-discharge cycle. The AP values for these two batteries
were 0 during early cycle life, as expected. However, after a few hundred
cycles, it appeared that gas was being generated near the end of the 50% charge.
The ДР increased during the first 1,000 to 1,300 cycles, then leveled off.
The two batteries were ultimately removed from test when the cells failed by
having an end-of-charge voltage greater than 1.52v (the only batteries in which
the cells failed in this mode). Note that Battery 11 had a lower ДР than
Battery 10, even though it was charged at the higher rate (C/2 as compared with
C/5). This was probably caused by the fact that the nickel electrode is more
efficient at the higher charge rate.

Depth of Discharge and Periodic Draining—AMF Battery Test

All batteries in the battery test project were operated at 25% depth of
discharge with the exception of Batteries 5 and 6, which failed prematurely,
and Batteries 10 and 11, which were operated using the "height of charge"
operational procedure (see Figure 1).

The so-called AMF study of the "Upside-Down Cycle" points to the possi-
bility of a significant increase in depth of discharge without a prohibitive de-
crease in battery life. Since this program has not been described previously,
it is reported briefly here.

Three batteries were involved, each containing 10 cells and each operated
at a different temperature. These were 10°, 25°, and 40°С. А 65-35 cycle
(65 minutes of charge, 35 minutes of discharge—simulating the conditions of
an earth orbit) was used with a discharge rate of 6 amperes, which corresponds
to a 58% depth of discharge. A "taper" charge was used, i. e., constant
voltage with a 6-ampere current limit. Each of the three batteries was
operated with a different voltage limit to compensate for temperature, and
each such limit was adjusted upward several times during the life of a battery
whenever there was evidence of "fading."

The cycle used was unconventional in that the cells in a given battery were
equalized with respect to their charge condition not by overcharging, as is the
usual practice, but by complete discharging of the cells. This was
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accomplished during every fifth 100-minute "orbital" period by discontinuing
the usual cycling pattern at the end of discharge and connecting across each
cell a 0.5-ohm resistor. These resistors were left in place for 100 minutes,
at the end of which time they were removed and the battery was put on charge.
In short, the complete charge-discharge pattern consisted of four "working"
cycles followed by a "bleed" period. The operation was of course automated
by means of relays, stepping switches, etc. The results of this program are
presented in Figure 3.

RELATIONSHIPS BETWEEN OPERATION AND LIFE

The data and observations given above seem to support the following
conclusions:

"1. Rapid charging tends to increase cycle life.

2. Excessive overcharging tends to decrease cycle life.

3. High discharge rates tend to decrease cycle life.

These are discussed below together with relationships involving tempera-
ture, depth of discharge, and open-circuit stand derived from this program
and the other tests cited.

Effect of Rapid Charging on Life

The first conclusion above is supported by a wealth of evidence, most of
which is summarized in Table 10.

a) The most conclusive evidence comes from a comparison of Batteries
12 and 13 of Group B. Note that the former had had three cell failures at
3, 863 cycles, while the latter had had none after 5,976 cycles.

b) The test results obtained at NAD-Crane (Packs 13 and 17, Group A)
support the same conclusion.

c) A comparison of Group A of Table 10 with Groups В and D also points
to the beneficial effect of rapid charging.

d) Batteries 4 and 14 (Group C) can be compared by consulting Figure 2.
Note that after 2,323 cycles Battery 4 had experienced three failures and
Battery 14 had experienced none.
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Table 10

Effect of Charge Current

Battery
Type

of
Charge

Current
Charge •

Terminated
by

Hours Amp-Hrs Voltage Cycles Days
No. of
Cells
Failed

GROUP A - DEPTH OF DISCHARGE 25% (C/2 for 1/2 hour)

0

Pack 17
(NAD-Crane)

Pack 13
(NAD-Crane)

Constant
current

Constant
current

Constant
current

0.63

0.75

1.875

Time

Time

Time

3.25

2.5

1.0

2.04

1.875

1.875

3,065

2,449

3,598

5

5

5

GROUP В - DEPTH OF DISCHARGE 25% (C/2 for 1/2 hour)

12

13

Constant
current

Constant
current

1.25

3.15

Volts

Volts

1.425

1.45

3,863*

5,976*

3

0

GROUP С - TWO-STEP CHARGE - 25% DOD (C/2 for 1/2 hour)

4

14

Constant
current

Constant
current

1.25
0.63

3.15
0.63

Volts
Volts

Time
Volts

0.17

GROUP D - DISCHARGED TO 1. Ov EVERY CYCLE - 50%

10

11

Constant
current

Constant
current

1.25

3.15

Time

Time

2.5

1.0

3.12

3.15

1.425
1.423

1.420

5,438

2,323*

5

0

DOD (C/2 for 1/2 hour)

3,834

5,793

5

5

GROUP E - CONSTANT POTENTIAL - 25% DOD (C/2 for 1/2 hour)

8 Constant
voltage

Variable Current =
0.63 amp

6 amp
current
limit

10,218* 3

* Testing terminated before failure of as many as five cells.
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e) The data in Group D of Table 10 clearly point to the beneficial effect of
rapid charge.

f) Battery 8 (Group E) was charged at constant voltage with a current
limit of 6 amperes. Thus its charge rate, at least at the beginning of charge,
was the greatest of any of the batteries. Its cycle life was also the greatest.

Effect of Overcharge

The effect of overcharge on the life of a sealed nickel-cadmium cell has
long been a controversial topic. Unfortunately, the results of this investigation
are not such that they will settle the issue; but they are of some interest.

The pertinent data were obtained from Batteries 0 ,7 , and 9, and are
given in Table 11. These three batteries were all discharged in the same
manner and were all charged at C/10. A comparison of the results obtained
from Batteries 0 and 9 indicates that overcharge is very deleterious, a
relatively small decrease in the amount of overcharge causing a very signifi-
cant increase in life.

The data from Batteries 0 and 7, on the other hand, indicate that a
deliberately excessive amount of overcharge had little or no effect. However,
the latter conclusion is clouded by the fact that there is considerable evidence
to indicate that the last three cell failures in Battery 7 were caused either by
human error or by a malfunction of the apparatus. If this is the fact, it must
be concluded that a large excess of overcharge may be beneficial.

It is conceivable that this last conclusion and that derived from a com-
parison of Batteries 0 and 9 are both correct. If so, it must be concluded that
there is an amount of overcharge (e.g., Battery 0) that, all other things being
equal, tends to a minimum life expectancy for the cell. Either a lesser
amount of overcharge (e.g., Battery 9) or a greatly increased amount of over-
charge (e.g., Battery 7) has the effect of increasing life.

Battery 8 is included in Table 11 in order to present additional evidence
that a minimum amount of overcharge (and high efficiency) is conducive to
long life provided that the other variables such as charge rate and discharge
rate are similarly optimized.

Effect of Discharge Rate

It is .the consensus of experimenters and designers that the life of a battery
is increased by lowering the rate of discharge. The data presented in Table 12
show clearly that this is true.
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Table 12

Effect of Rate of Discharge
(6-ampere-hour cells, 25% depth of discharge)

Battery

0
1
2

Discharge
Rate

C/2
C/8
2C

Cycles

3,065
3,928*
2,072

No. of
Cells.
Failed

5
1
5

* Test terminated before battery failure.
t

Effect of Depth of Discharge

It is widely known that battery life varies inversely with depth of dis-
charge. Batteries 4, 5, and 6 were included in this study to increase our
knowledge of this relationship. Unfortunately, the charge mode adopted for
Batteries 5 and 6 was such that they failed prematurely because of insufficient
charging. This was discussed under "Cycle Life," above.

Effect of Periodic Complete Discharge

The only batteries subjected to periodic complete discharge were the AMF
test batteries. The procedure used to operate these batteries also included
discharge at the relatively rapid С rate and to 58% depth of discharge—both
detrimental to cell life—and charge at a constant potential (rapid charge) and
with a minimum of overcharge—both beneficial to nickel-cadmium cell life.
These conditions are discussed in the above paragraphs.

The effect of periodic complete discharge cannot be easily evaluated,
because no batteries in the test program were operated in the same manner
as the AMF batteries but without periodic discharge. However, very approxi-
mate estimates can be made using the results of other test programs. * Taking
a conservative approach, these results lead to the conclusion that the cycle
life of the 40° battery was almost doubled and that of the 10° and 25° batteries
was more than doubled.

*Numerous documents are available giving test results obtained at the Naval
Ammunition Depot, Crane, Indiana (GSFC Contract W11.252B).
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Considering that the detrimental discharge procedure balanced to some
extent the beneficial charge procedure, the extraordinary life of these bat-
teries must be ascribable to periodic complete discharge.

For a practical operating spacecraft system using this procedure, a
significant increase in life or a significant weight saving, or some combina-
tion of both, could be obtained. However, the price would be a substantial
increase in the complexity of the battery control circuitry. It was the con-
sensus of spacecraft power system designers that such an increase in com-
plexity was — particularly because of reliability considerations — too high a
price to pay, and it was decided to abandon the idea.

Effect of Temperature

It is generally recognized that high operating temperatures shorten cell
life and that the optimum temperature is between room temperature and the
ice point. The results below, obtained from the AMF program, confirm this
view.

Temperature Cycles to 5th Cell Failure

10°С 6,613

25° С 5,870

40°С 2,332

Effect of Long-Term, Open-Circuit Stand

The cycling of Batteries 12, 13, and 14 commenced 18 months after
Battery 0 was started. The cells of Battery 12 were the same cells as those
of Battery 3, which had been terminated after 128 cycles. Those cells
remained in the 25% discharged condition at room temperature for approxi-
mately two years before conditioning and acceptance testing for use in
Battery 12; the cells of Batteries 13 and 14 were cells which had been given
acceptance testing but which had not been previously employed in the test.
These cells were also stored on open circuit at room temperature before
testing. There is nothing about the performance of these, batteries (Figure 2)
to indicate that a year or two of storage had a significant effect on cycle life.
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SUMMARY

The effects discussed in the preceding section have been translated into
suggestions for optimum operational methods. (Items 4 and 5 are based on
the results of the AMF battery test.) These suggestions, then, are guidelines
that the battery engineer or power systems designer should follow in order to
attain optimum battery life:

1. Rapid charging, i. e., high current during the pregassing period of
charge; modified constant-potential operation is desirable.

2. Maximum current efficiency, i.e., a minimum of overcharge,
achieved by maintaining low end-of-charge voltage or by a
pressure signal.

3. Minimum rate of discharge.

4. Minimum depth of discharge.

5. Operating temperature below 25 °C, preferably closer:to 10° C.

6. Long-term, open-circuit stand is not necessarily detrimental to
cycle life.

7. Periodic complete discharge probably lengthens the life of a battery.
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APPENDIX A

ACCEPTANCE TEST DATA

Each of the tables A-l through A-4 contains the following acceptance test
information for all of the nickel-cadmium cells that were given that particular
test (both accepts and rejects): measured values of ampere-hour capacity,
terminal charging voltages, capacity test pressure readings, and internal
resistance measurements. Figure A-l is a histogram of capacity distribution,
and Figure A-2 presents a plot of normal vs "overvoltage" cell charge-
characteristics. Figure A-3 is a histogram of capacity test final pressure
distribution. Figure A-4 is a plot of capacity test sampling of pressure
characteristics, and Figure A-5 is a histogram of internal resistance distri-
bution in milliohms.
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Table A-l
Measured Capacity Values

Mfr. cell
serial no.

2869
2874
2858
2854
2852
2887
2870
2884
2851
2853
3145
2863
2856
2882
3129
3142
3151
3149
2872
3130

. 2871
3124
2865
3120
2886
3131
2878
2888
3109
3139
2879
3159
2860
3118
3128
3126

Test cell
no.

001
002
003,
004
005
006
007
008
009
010
Oil

F012L
F013G

014
015
016
017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033
034
035
036

Ampere-hour
capacity

5.943
6.104
6.213
6.170
6.301
6.253
6.248
6.484
6.178
6.344
6.218
6.235
6.419
6.322
6.480
6,580
6.322
6.606
6.296
6,497
6,209
6.868
6.589
6.418
6.113
6, 453
6.453
6. 414:

6.052
6.279
6.327
6.056
6.484
6.384
5.995
6.152

Mfr. cell
serial no.

3117
3153
3110
2867
3155
3154
2862
3114
2873
3141
3125
3148
3162
3156
3116
2861
3112
2876
3144
3113
2850
3108
3160
2881
3158
2831
2848
2866
3123
2826
3127
2825
2838
3164
2836
2877

Test cell
no.

037
038
039
040
041
042
043
044

F045L
046
047
049
050
051
052
053
054

F055L
056
057

F058L
059
060
062
063
064
065
066
067
068

F069S
070
071
072
073
074

Ampere-hour
capacity

6.257
6.239
5.956
6. 327
6.187
6,148
6.060
6. 030
6.069
6,279
6.418
6.266 .
5. 969
5. 960
6.549
6.410
6.248
6,440
6.143
6.423
6.222
6.418
6.117
6.440
6.279
6.209
6.301
6.113
6.248
6.432
6.619
6.174
6.182
6.331
6.235
6.584
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Table A-l
Measured Capacity Values (Continued)

Mfr. cell
serial no.

2829
2839
3165
2841
3143
3121

. 3166
2846
2842
2828
2855
3161
2845
2837
2827
2830
3132
2880
3111
3150
3115
2868
2840
2883
2835
3119
3458
2849
2832
2883
2847
3457
3122
2834
2894
2925

Test cell
no.

075
F076L

078
079
080
082
085
086
088
089
090
091
092
093
094
095
096
097
098
099
100
102
103

F104L
105
106
107
108
109
110
111

F112G
115
120
193
194

Ampere-hour
capacity

6.104
6.196
6.602
6.349
6.135
6.785
6.436
6.475
6.519
6.397
6.401
6.130
6.174
6.231
6.405
6.314
6.331
6.462
6.794
6.370
6.672
6.056
6.274
6.135
6.183
6.523
6.392
6.148
6.239
6.392
6.488
6.646
6.510
6.558
6.506
6.715

Mfr. cell
serial no.

2898
2931
2926
2929
2896
2891
2927
2902
2904
2911
2895
2924
2907
2934
2928
2922
2930
2932
2914
2935
2910
2890
2906
2900
2923
2912
2901
2892
2905
2899
2920
2916
2908
2909
2893
2919

Test cell
no.

195
196
197
198
200
201
202
203

F204S
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

F220S
221
222
223
224
225
226
227
228
229
230
231

Ampere-hour
capacity

6.318
6.650
6.152
6.269
6.423
6.794
5.991
6, 528
6.205
6.143
6.340 '
5,855
6.515
6.065
6.004
6.235
6. 506
6.366
6.475
6.100
6.349
6.646
6.480
6.833
6.405
6.471
7.012
6.842
6.353
6.375
6.060
6.445
6.309
6.549
6.654
6.287

.Legend:

•,F- Failed cell S-Shorted cell L-Caustic leak G-Blocked pressure gauge
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Table A-2
Terminal Charging Voltages

Chg

1
2
3

Chg

1
2
3

Chg

1
2
3

Chg

1
2
3

Chg

1
2
3

Chg

1
2
3

Test Cell No.

01

1.46
1.42
1.42

02

1.44
1,42
1.41

03

1.44
1.43
1.41

04

1.45
1.41
1.42

05

1.45
1.42
1.42

06

1.44
1.42
1.41

07

1.46
1.42
1,42

08

1.44
1.42
1.41

09

1.45
1.41
1.41

10

1.45
1.42
1.42

Test Cell No.

11

1.43
1.41
1.42

F12L

1.44
1.42
1.42

F13G

1.44
1.42
1.40

14

1.43
1.40
1.41

15

1.44
1.43
1.42

16

1.44
1.42
1.41

17

1.4.3
1.41
1.42

18

1.44
1.42
1.42

19

1.44
1.42
1.40

20

1.43
1.41
1.4.3

Test Cell No.

21

1.43
1.42
1.42

22

1.45
1.43
1.43

23

1.45
1.41
1.40

24

1.43
1.43
1.42

25

1.43
1.40
1.40

26

1.45
1.41
1.41

27

1.44
1.42
1.42

28

1.43
1.42
1.41

29

1.45
1.41
1.41

30

1.44
1.43
1.43

Test Cell No.

31

1.44
1.42
1.41

32

1.44
1.41
1.40

33

1.44
1.42
1.42

34

1.44
1.44
1.43

35

1.45
1.41
1.41

36

1.45
1.43
1.43

37

1.44
1.43
1.43

38

1.44
1.41
1.40

39

1.45
1.43
1.43

40

1.44
1.43
1.41

Test Cell No.

41

1.45
1.43
1.43

42

1.45
1.43
1.42

43

1.45
1.43
1.42

44

1.45
1.43
1.43

F45L

1.45
1.43
1.42

46

1.46
1.44
1.42

47

1.46
1.44
1.42

F48X 49

1.45
1.43
1.43

50

1.45
1.42
1.42

Test Cell No.

51

1.43
1.41
1,40

52

1.43
.1.43
1.43

53

1.44
1.42
1.41

54

1.44
1.41
1.41

F55L

1.43
1.42
1, 41

56

1.45
1.42
1.42

57

1.44
1.41
1.41

F58L

1.43
1.43
1.42

59

1.45
1.44
1.43

, '60

1.44
1.41
1.40
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Table A-2
Terminal Charging Voltages (Continued)

Chg

1
2
3

Chg

1
2
3

Chg

1
2
3

Chg

l
2
3

Chg

1
2
3

Chg

1
2
3

Test Cell No.

F61X

—

62

1.43
1.43
1.42

63

1.43
1.43
1.42

64

1.43
1.43
1.42

65

1.42
1.43 .
1.42

66

1.44
1.43
1,43

67

1.44
1.43
1.43

68

1.43
1.43
1.42

F69S

1.43
1.45
1.45

70

1.43
1.43
1.42

Test Cell No.

71

1.45
1.43
1.42

72

1.46
1.44
1.43

73

1.44
1.42
1.42

74

1.44
1.43
1.42

75

1.45
1.42
1.42

F76LS

1.45
1.43
1.42

F77X

—

78

1.45
1.43
1.43

79

1.45
1.42
1.42

80

1.46
1.43
1.42

Test Cell No.

F81X

—

82

1.45
1.44
1.43

F83X

—

F84L

1.46
1.43
1.44

85

1.44
1.43
1.43

86

1.45
1.44
1.43

F87S

1.45
1.43
1.43

88

1.44
1.43
1.42

89

1.44
1.43
1.42

90

1.45
1.44
1.43

Test Cell No.

91

1.45
1.42
1.43

92

1.45
1.42
1.42

93

1.45
1.42
1.42

94

1.45
1.41
1.42

95

1.45
1.42
1.42

96

1.46
1.44
1.43

97

1.45
1.42
1.42

98

1.45
1.42
1.43

99

1.44
1.43
1.42

100

1.45
1.42
1.43

Test Cell No.

F101X

—

102

1.45
1.43
1.43

103F

1.44
1.42
1.42

104L

1.44
1.42
1.41

105

1.44
1.42
1.42

106

1.45
1.43
1.43

107

1.44
1.42
1.42

108

1.44
1.43
1.42

109

1.44
1.42
1.42

110

1.44
1.43
1.43

Test Cell No.

Ill

1.44
1.42
1.42

F112G

1.44
1.43
1.42

F113X

-

F114X

—

115

1.45
1.43
1.43

F116X

—

F117X

—

F118X

—

F119X

—

120

1.44
1.43
1.42
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Table A-2
Terminal Charging Voltages (Continued)

Chg

1
2
3

Chg

1
2
3

Chg

1
2
3

Chg

1
2
3

Chg

1
2
3

Test Cell No.

F121X through F192X

Test Cell No.

193

1.44
1,42
1.42

194

1.45
1.43
1.42

195

1.44
1.42
1.42

196

1.45
1.43
1.42

197

1.44
1.42
1. 42

198

1.45
1-.43
1.42

F199T

—

200

1.45
1.43
1.42

Test Cell No.

201

1.45
1.43
1.43

202

1.45
1.43
1.42

203

1.45
1.42
1.42

F204S

1.45
1.43
1?43

205

1.45
1.42
1.42

206

1.45
1.43
1.42

207

1.44
1.42
1.42

208

1.45
1.43
1.42

209

1.45
1.43
1.42

210

1.44
1.42
1.42

Test Cell No.

211

1.45
1.43
1.42

212

1.45
1.43
1.42

213

1.45
1.43
1.42

214

1.44
1.43
1.42

215

1.45
1.43
1.42

216

1.45
1.43
1.42

217

1.45
1 . 43
1.42

218

1.45
1.43
1.42

219

1.45
1.43
1.42

F220S

1.45
1.43
1.42

Test Cell No.

221

1.45
1.43
1.42

222

1.45
1.43
1.42

223

1.45
1.43
1.42

224

1.45
1.43
1.42

225

1.44
1.43
1.42

226

1.46
1.43
1.42

227

1.45
1.43
1.43

228

1.45
1.43
1.42

229

1.45
1.43
1.42

230

1.45
1.43
1.42

Test Cell No.

231

1.45
1.43
1.42

Legend:

F-Failed cell
S-Shorted cell
X-Overvoltage on charge

L-Caustic leak
T-Malformed terminal
G-Blocked gauge
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Table A-3
Typical Capacity Test Pressure Data

Cell numbers 001 to 010

001

+04
+09

-18
-18
-17
-16
-15
-15
-14
-14
-10
-10
-07
-04
+00
+03
+00
+06
+06
+08
+09
+09
+09
+09
+09
+09
+10
+11
+11
+11

002

-10
-08

-25
-24
-22
-22
-21
-20
-14
-14
-18
-16
-16
-15
-15
-10
-10
-10
-06
-05
-05
-02
-01
+00
+00
+00
+00
+00
+00
+00

003

+00
+03

-19
-18
-16
-17
-16
-16
-15
-16
-13
-14
-14
-10
-10
-05
+03
+00
+00
+01
+03
-03
+01
+03
+06
+06
+04
+05
+05
+05

004

+01
+05

-18
-16
-16
-16
-16
-15
-15
-15
-12
-10
-15
-08
-05
-03
-05
-05
-03
+00
+00
+03
+01
+03
+06
+06
+06
+05
+05
+05

005

+00
+04

-24
-21
-20
-19
-19
-20
-20
-18
-16
-15
-15
-15
-15
-10
-05
-02
-05
-03
+00
+03
+00
+03
+03
+03
+04
+04
+04
+04

006

+01
+07

-22
-20
-20
-18
-18
-16
-16
-15
-14
-12
-10
-09
-07
-05
-03
+00
+01
,+03
+03
+03
+06
+06
+07
+07
+08
+08
+08
+08

007

-01
+05

-20
-20
-20
-18
-18
-16
-16
-15
-is
-15
-14
-12
-10
-07
-05
-04
+00
-01
+02
+03
+03
+03
+03
+05
+05
+05
+05
+06

008

-11
-09

-30
-25
-25
-22
-21
-17
-20
-20
-19
-20
-20
-18
-17
-15
-15
-15
-12
-10
-10
-07
-05
-05
-02
-01
-03
-02
-01
-01

009

+00
+04

-30
-20
-20
-18
-18
-17
-16
-15
-15
-15
-17
-10
-10
-05
-03
+00
+01
+03
+03
+06
+06
+06
+06
+06
+05
+05
+06
+06

010

-00
+03

-20
-20
-20
-18
-18
-20
-20
-18
-15
-15
-15
-14
-10
-10
-05
-05
-05
+00
-03
+03
+00
+03
+03
+03
+04
+04
+04
+04

Time

Chg 1 Term
Chg 2 Term

10-1
10-2
10-3
10-4
11-1
11-2
11-3
11-4
12-1
12-2
12̂ 3
12-4
13-1
13-2
13-3
13-4
14-1
14-2
14-3
14-4
15-1
15-2
15-3
15-4
16-1
16-2
16-3
Chg 3 term

Cell numbers Oil to 020

Oil

+00
+03
+04

F012L

+01
+05
+06

F013G

-25
-25
-25

014

-09
-05
-01

015

+01
+03
+03

016

-05
+00
+02

017

+00
+02
+03

018

+02
+04
+05

019

+03
+06
+08

020

+00
+00
+01

Time

Chg 1 term
Chg 2 term
Chg 3 term
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Table A-3
Typical Capacity Test Pressure Data (Continued)

Cell numbers 021 to 030

021

-02
+01
+02

022

+03
+13
.+14

023

-09
+00
+00

024

+02
+05
+06

025

•"+01
+03
+04

026

+03
+05
+05

027

-09
-04
-01

028

-05
+00
+01

029

+13
+16
+17

030

+00
+02
+03

Time

Chg 1 term
Ghg 2 term
Chg 3 term

Cell numbers 031 to 040

031

-07
-05
-01

032

+03
+06
+09

033

-09
-05
-05

034

+03
+06
+06

035

+15
+22
+24

036

+15
+21
+22

037

+06
+:08
+12

038

+00
+01
+02

039

+08
+13
+15

040

-03
+03
+04

Time

Chg 1 term
Ghg 2 term
Chg 3 term

Cell numbers 041 to 050

041

+05
+07
+08

042

+02
+09
+10

043

-05
+01
+02

044

+11
+ 15
+17

F045L

-05
+01
+02

046

-05
+01
+02

047

+05
+09
+10

F048L

—

049

+00
+01
+03

050

-05
+00
+02

Time

Chg 1 term
Chg 2 term
Chg 3 term

Cell numbers 051 to 060

051

+01
+04
+04

052

+01
+04
+05

053

-06
+01
+02

054

+07
+12
+15

F055L

-10
-05
+00

056

+00
+03
+02

057

+01
+04
+04

F058L

-08
+04
+07

059

+06
+11
+ 12

060

+00
+01
+02

Time

Chg 1 term
Chg 2 term
Chg 3 term

Cell numbers 061 to 070

F061X

-12
+08

062

-20
+06
+12

063

-12
+12
+15

064

-26
+06
+12

065

-25
+03
+05

066

-20
+19
+26

067

-17
+16
+18

068

-22
+05
+10

F069S

-25
+02
+03

070

-15
+06
+08

Time

Chg 1 term
Chg 2 term
Chg 3 term

Cell numbers 071 to 080

071

-20

072

-15
+13
+15

073

-17
+07
+08

074

-20
+04
+06

075

-20
+06
+09

F076L

-22
+03
+04

F077X

+02

078

-17
+04
+05

079

-20
+05
+06

080

-05
+17
+19

Time

Chg 1 term
Chg 2 term
Chg 3 term
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Table A-3
Typical Capacity Test Pressure Data (Continued)

Cell numbers 081 to 090

F081X

—

082

+12
+20
+24

F083X

—

F084L

—

085

+04
+09
+12

086

+05
+09
+13

F087S

—

088

-07
+03
+06

089

+02
+10
+13

090

+12
+20
+22

Time

Chg 1 term
Chg 2 term
Chg 3 term

Cell numbers 091 to 100

091

+15

+27

092

+12

+16

093

-06

+01

094

+02

+07

095

+00

+04

096

+13

+25

097

+06

+13

098

-05

+02

099

+04

+07

100

-04

+02

Time

Chg 1 term
Chg 2 term
Chg 3 term

Cell numbers 101 to 110

F101X

—

102

+16
+26
+28

103

-10
+02
+03

F104L

+00
+05
+06

105

+00
+03
+03

106

+02
+07
+09

107

+03
+04
+05

108

+00
+02
+03

109

+04
+12
+12

110

+05
+09
+09

Time

Chg 1 term
Chg 2 term
Chg 3 term

Cell numbers 111 to 120

111

-15
-07
-01

F112G

-30 .
-30
-30

F113X F114X 115

+00
+06
+14

F116X

—

F117X F118X

— ,

F119X

—

120

-12
-04
+05

Time

Chg 1 term
Chg 2 term
Chg 3 term

All remaining cells either failed acceptance tests or were not equipped with pressure
gages.

Legend:

F-Failed cell
S-Internal short
X-Overvoltage
L-Caustic leak
G-Blocked gauge

"-" values in in. of Hg
"+" values in psia
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Table A-4
Internal Resistance Measurements

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.

Cell no.
Int. res.

001
3.5*

Oil
3.9

021
3,5

031
3.5

041
3.9

051
3.9

F061X

071
3.9

F081
.4.4

091
3,9

F101X

111
3.9

F131X
4.6

002
3.5

F012L
3.7

022
3.5

032
3.3

042
4.6

052
3.9

062
4.7

072
4.0

082
3.7

092
4.6

102
4.6

F112G
3.7

F132X
4.0

003
3.7

F013G
4.2

023
3.7

033
3.7

043
4.4

053
4.2

063
4.7

073
3.9

F083
4.4

093
4.9

103
4.9

F113X
4.0

F133X
4.9

004
3.5

014
4.0

024
3.3

034
3.9

044
3.9

054
3.9

064
3.9

074
4.7

F084
3.9

094
4.0

F104L
4.0

F114X
3.9

F134X
4.6

005
3.7

015
3.9

025
3.7

035
4.9

F045
3.9

F055L
3.9

065
3.5

075
4.9

085
4.4

095
4.4

105
3.9

115
3.9

F135X

006
3.7

016
3.7

026
3.7

036
4.2

046
4.2

056
3,9

066
4.0

F076L
4.2

086
4.2

096
3.9

106
4.6

F116X
4.0

F136X
4.6

007
4.0

017
4.2

027
3.5

037
3.5

047
3.7

057
3.5

067
3.9

F077X

F087

097
4.7

107
4.4

F117X

F137X
3.9

008
3.7

018
3.7

028
3.7

038
4.2

F048

F058L
4.2

068
3.7

078
3.9

088
4.2

098
4.6

108
3 ;9

F118X

F138X
3.7

009
3.9

019
4.2

029
3.7

039

3.7

049
3.7

059
4.0

F069S
3.7

079
4.2

089
4.4

099
4.4

109
4.2

F119X

F139X
4.4

010
3.9

020
3.7

030
4.0

040
3.7

050
3.5

060
3.7

070
3.9

080
4.2

090
4.2

100
4.6

110
3.9

120
3.9

F140X
3.7

F121X through F192X failed acceptance test.

193
3.7

194
3.9

1C5
3.7

196
3.9

197
4.0

198
3.9

F199T 200
4.0

* АИ Internal resistance values in milliohms.
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Table A-4
Internal Resistance Measurements (Continued)

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

Cell no.
Int. res.

201
3.9

211
4.2

221
4.7

231
3.5

202
3.7

212
3.9

222
3.9

F232X

203
3.9

213
3.7

223
3.7

F233X

E204

214
3.3

224
3.9

F234X

205
4.2

215
3.5

225
4.4

F235X

206
4.2

216
3.7

226
4.2

F236X

207
4.6

217
3.5

227
3.9

F237X

208
3.7

218
3.7

228
3.9

F238X

209
4.4

219
3.3

229
3.9

F239X

210
5.1

F220

230
3.7

F240X

Legend: F-Failed cell
S-Internal short
X-Overvoltage
G-Blocked gauge
L-Caustic leak
T-Malformed terminal
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Table B-15 (see also Table B-14)
Battery 13 Cell Data (Acceptance Test Rerun)

Cell
No.

0

1

2

3

4

5

6

7

8

9

Martin
Marietta

No.

12

22

35

39

43

50

51

202

207

226

Capacity
Cycle 1

6.703

6.746
,

6.629

6.703 .

7. 008

6.550

6.572

6.899

6.812

6.943

Capacity
Cycle 2

6.681

7.118

6.615

6.725

6.987

6.484

6.550

6.790

6.768

6.921

Capacity
Cycle 3

6.576

6.148

6.558

6.655

6.947

6.462

6.480

6.615

6.667

6.794

Term,
Press.*

4
7
7

1 .
14
15

5
9

10

2
4
5 ...

1
4
3

6
7
7

3
5
4

!

-

-

Term.
Volt.*

1.467
1.457
1.450

1.50
1.449
1.490

. 1.463
1.453
.1.448

1.492
1.473
1.468

1.468
1.457
1.452

1.458
1.456
1.442

1.453
1.444
1.440

1.454
1.438
1.435

1.458
1.442
1.433

1.459
1.445
1.441

N For cycles 1,2, and 3 respectively.
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APPENDIX С

VALUES OF AMPERE-HOURS AND WATTTHOURS
VERSUS CYCLE NUMBER
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W = WATT HOURS
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Т = TIME (HOURS)
A = AMPERE HOURS
W = WATT HOURS
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Т = TIME (HOURS)
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APPENDIX D

TRENDS Ш CURRENT EFFICIENCY, ENERGY
EFFICIENCY, AND E/I RATIO
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APPENDIX E

COMPUTER PLOTS OF CHARGE AND DISCHARGE VOLTAGE
FOR EVERY 500 CYCLES VERSUS AMPERE-HOURS
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APPENDIX F

MINIMUM AND MAXIMUM PRESSURE GAUGE READINGS
FOR 250-CYCLE INCREMENTS

Tables F-l through F-12 list battery pressure ranges in psi for batteries
0, 1, 2, 4, and 7 through 14. The tables give minimum, maximum, and
average values by cell.
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Table F-12
Battery 14, Pressure Ranges (psi)

Cycle

66

140

Avg AP

Cell 0

Min

-11

-10

Max

-10

-9

АР

1

1

1.0

Cell 1

Min

-2

-11/2

Max

0

-1

АР

2

1/2

1.3

Cell 9

Min

-10

-10

Max

-81/2

-9

AP

11/2

1

1.3

No. of
Cells

3

3

Avg
АР

1.5

0.8

1.2
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