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ABSTRACT

Since sealed silver-oxide cadmium cells may be constructed without mag-
netic materials, this electrochemical system was used in secondary batteries
on several scientific satellites (Explorers) which measured radiation and mag-
netic fields. In support of the flight programs, characterization and cycle life
tests were performed and sponsored by the Goddard Space Flight Center. Bat-
tery designs were developed that could function in space, in orbital periods of
five to one-hundred hours, as long as four years. Nominal depths of discharge
were between 10% and 30%. Optimum temperatures for operation were between
0°C and 25°C. Energy densities to 0.9 volts per cell at 25°C were within 26 WH/
Kg. and 31 WH/Kg. The charge and discharge characteristics are particularly
affected by the two oxides of silver formed during battery operation. A unique
charge control was developed that would prevent cell unbalance on charge and
therefore minimize internal gas pressures. Manufacturing procedures and
quality controls were formulated to assure high reliability.

Limited use of silver-oxide cadmium batteries was made in near earth orbits.

Characterization tests showed feasibility of operation between -10°C and 25 C at
a nominal depth of discharge of 33% in 1.5 hour orbital pel iods.

The report covers the period 1960 to 1977
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SECTION [
INTRODUCTION

In 1960, NASA/Goddard Space Flight Center initiated a satellite program to
study energetic particles and magnetic fields in space. Since that time, approx-
imately twenty satellites have been launched by the United States and other coun-
tries to obtain tformation on these phenomena. One of the requirements placed
on these satellites was that the instruments and components had to be essentially
non-magnetic. For example, the magnetic moment requirement placed on batteries
was less than ten gammas at 45.7 cm. from a magnetometer face. At that time two
types of sealed, secondary, electrochemical systems could meet the non-magnetic
requirement, silver-oxide zinc or silver-oxide cadmium. From available data, it
was questionable that sealed silver-oxide zinc could meet the cycle life requ1re-
ment for one year.

Although little data was available on sealed silver-oxide cadmium cells, the
stability of cadmium and its compounds in potassium hydroxide electrolyte led to
an intensive investigation of this system. The results of this investigation are
the subject of this report. Tests involved orbital periods ranging from six hours
to several days with nominal depths of discharge of 8% to 30%. Considerable
effort was expended on determining the effects of float charging on internal gas

“ pressures, cell unbalance during charge and discharge voltage characteristics.

Also, investigaticns were carried out to determine ampere hour and watt hour
efficiencies, ampere hour maintenance during cycling, storage effects, cell
parameters during reversal and battery characteristics during parallel opera-
tion. Simulated orbital cycling programs lasted from several weeks to several
years with some batteries cycled to failure. Data and information is presented
on the cell sizes and battery designs flown on missions. Herein is also included
some of the unusual operational requirements placed on batteries used on space-
craft with long orbital periods. Most of the investigations, testing and orbital
information, are bracketed within the temperature range of -10°C to 42°C.

Investigations were carried out to determine the characteristics of sealed

‘silver cadmium cells in near earth orbits, i.e., 100 minute orbits. The battexr-

ies were cycled over the temperature range of -10°C to 50°C with most of the
tests operated at a nominal depth of discharge of 33%. Project support was
given to a French satellite program which required a non—magnetlc battery for
a near earth orbiting satellite,
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Other areas that ave included in this repoxt ave the testing of large capaoity
cells up to 300 ampere hours, methods developed or used to maintain low internal
gas pressures, electrodeposited coatings to retard silver migration and methods
of analyses of the positive plates.

The main source of data from the report was internal memos, tabulated
readings, recorder charts, graphs, speocifications and procedures. Except for
the lattex two categories, very little of the data had beéen formalized. The vol-
ume of the data occoupied four file cabinet drawers. Approximately two-thirds
of the data was used. Some was repetitious while some was incomplete.

The reactions occurring in silver-oxide cadmium cells during charge and
discharge ave as follows:

(1) 2A80 +Cd + H,0 ~«———8—-—-—>Ag‘20 + CA(OH),

.

(2) Agy0+Cd + H,0 ——0—> 2Ag + GA(OH),

B ]

These reactions result in two voltage plateaus on discharge usually referrved =

to as the upper or AgO plateau and the lower or Ag, plateau, Two voltage pla-
teaus are also prasent on charge, the lower or Ag, O plateau and the upper or AgO
plateau. Typioal voltage curves on discharge and charge are shown in figures 1
and 2. During the program, it was observed that the upper plateau on discharge
would flaten out so that the battery would discharge at nearly constant voltage.
This occurred when a battery was cycled on long orbits with o high percentage

of float time or the battery was placed on continuous float. Usually this lowering
of the uppex plateau would oceur without a loss of ampere hour capacity and at
times, a gain in ampere hour capacity. Also, this lowering of the upper dischavge
plateauw would ogeur during charged storage, e.g., three months at room tempera-
ture. Herein there would be approximately a 5% loss of ampere hour capacity.
Examples of the flatening of the upper plateau are given in figure 1 and through-
out the report. Also, the two voltage plateau charge characteristic has an effect
on charge current. When a current limited, constant potential charge set at 1,51
volts per cell is used, initially the curvent is constant. As the battery voltage
approaches 1.51 volts poer csll, the current tapers to a low value. A typical volt~

age ocurve on charge is shown in figure 2. Moderate rata, constant currvent chavges

oxhibit a similar voltage profile but the charger voltage {s set at a higher value,
a.g., 1.55 volts per cell. '

During the overall program, considerable attention was given to materials
~and quality control and to the formation of cells, Material problems such as ex-
oessive swelling of the cellophane separators and variations in the particle size
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Figure 1. Typical Discharge Curves of Sealed
Silver~-Oxide Cadmium Cells
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Pigure 2. Typloal Voltage Curve for Sealed Silver-Oxide Cadmjum Cells
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of tha CdO powders used in production roquired close Surveillamoe. Manual fox-
mation of oolls was not adoquata to provide good matohing of ampaxe hour capao-
itles. As a vosult, automatic mothods were daveloped for use at Goddard Spaove
Flight Contor. This oquipment was used to prepare dry, unformad cells as ro-
quired, Conzoquontly, the waot life of the battery botore flight could ba minimived,
Specifications fov the purchase of cells and proceduras for munufacturing batter-
fes from dry, unformaed cells arve vefarenced in this report.
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SECTION II -
CHARACTERIZATION TESTS

~ This Section of the Report includes data and information that is of general
interest to battery users and manufacturers. The type of information obtained

~ from these and similar tests formed the basis for battery charging and system

controls for orbital flight. Most of the work reported in this Section was per-
formed in the period between 1960 and 1965, Almost all of the automatic cycling,
or simulated orbital cycling, reported in this Section is based on long orbits, i.e.,
orbits of six hours or more. Also, long periods of sunlight were characteristic of

o these orbits, therefore, the operation of the batteries on long float charges wasa -

major part of the overall program. Examples of the length of the shadow periods
and the long sunlight periods encountered in the orbits is shown in Section IV,

The following data and information have been selected from the many tests
that were available. However, most of the unreported tests were similar to those
selected for this report or sufficient data was not available to draw observations
and/or conclusions. The tests that are reported include a total of 78,000 hours of
testing and a total of approximately 1,000 cycles of various types. The unreported
tests included a similar number of cycles with at least 20,000 hours of testing. It

- was most fortunate that, during the test program period from 1960 to 1965, sum-
maries were made of many tests in the form of internal reports, memos, graphs,

tables, etc.

The.tests enclosed address the following characteristics of sealed silver
cadmium batteries:

‘(1) Ampere Hour Capacity, Function of Temperature and/or Charge Rate

(2) Ampere Hour Capacity Maintenance During Deep Discharging

(3) Discharge Voltage as a Function of Residual Battery Capacnty and/or
‘Discharge Temperature

- (4) Simulated Orbital Cycling, Greater than 25 Cycles at Various
Temperatures ’

(5)  Ampere Hour and/or Watt Hour Efficiency
(6) Cell Unbalance During Float Charging and on Full Discharge

(7N Interml Pressure Rise as a Function of Over=- charge Current and
‘l‘loat Charge Current
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Vavlation of AgQ Pl‘\tt“m I)uung Discharge as a Fanotion of C‘yeling
and Storage

(O The Rifeots of the A&p m\d Ag,0 Plateaus on Charge Cuxrent

(10) Awmpare Hour Inovease During Simulated Oxbital Cyaling or I‘lcm
Chavging

(11) Cell Analsssis after Qyoling

(12) Bffeots of Acceloration and Vibration

(13) Charged $t;q;mgfa

(14) Discharged Storage
~ {18) Voltage Dm ab ﬁé.gimﬁng of Discharge
| (16) Y.ow Rate Gliarging}

(17 Cell Reveorsal

(15) Parallel Qperation

These characteristios ave evoss-reforenced with the tost data and information,
in this Section, by means of Table 1.

In missions with long ovbits, copstant potential, curvent Hmited charging
was uged, Havly in the program it was determined that a veltage of 1,51 volts
por cell would be adequate to rechavge silver cadmium cells over the tempera-
ture range of 0°C to 500, However, ag a battery beoama fully charvged, & volt=
ago unbalance wonld dovelop among the various cells. As demonstrated by the
various tosts, ntornal prossures would develop in cells at voltages groater than
151 volts, Tt was difffoult to establizh any relationghip between ampere houx
fnput, at very low ovrvrents, with intornal pressure rise. In most cases, snalyses
of pases showed a high percentage of hydrogen. Oxygen rates of recombination
in these cell designs wore extremely low, As a result, a chavge control system

was dovised that used a constant potential charge voltage of 1.81 volts per cell

and when the charge ourvent tapered to & value of nominal capaeity divided by
100, a onrrent sonse elvounit trigroved the voltage lmit to & valte of 141 velis

Cper coll. Since this 1s ossontially the open elvoutt voltage of the silvor aadmivm

ooll, no cell unbalance or gas evolution coourred. Some loss of ampere hour
oapactty would vesult, 2.8, & fow tonths of an ampere hour in a five ampeve hour
ooll, when using this tvpe of charge control, However, some tosts showed that,
oven gt the low rates of current psseciated with the 141 volt per cell limit,
oapaoity would be delivered to & vell ox battery on prolonged float charges.
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Ampere Hour Capacity Maintenance
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Internal Pressure Rise as a Function of Over-
charge Current and Float Charge Current

Mbt s b M 44

®

Variation of AgO Plateau During Discharge
as a Function of Cycling and Storage
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9.

The Effects of the AgO and Ag O Plateaus
on Charge Current
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10)

Ampere Hour Increase During Simulated

- Orbital Cycling or Float Charging

b

(11)

Cell Analysis After Cycling

(12)

Effects of Acceleration and Vibration

(13)

Charged Storage

”

(14)

Discharged Storage

(15)

Voltage Dip at Beginning of Discharge

(16)

‘T.ow Rate Charging

(17

Reversal

(18)

Parallel Operation of Batteries
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There ave other battery/cell characteristics that may be of general interest,
such as, high rate pulsing, charge/discharge pulsing, reversal, etc. These chax-
acteristiocs are covered in other Sections of the report.

No planned tests were run to determine the effects of dry, unformed storage
of silver cadmium cells. During the program it was determined that it was ad-
vantageous to purchase the cells dry and unformed and to fill the cells with slec~
« trolyte, form the active materials and to seal the cells at Goddard Space Flight
Center (GSFC). However, during the course of the overall program, cells that
were stored dry and unformed for four years at roeom temperature were filled,
formed and sealed and used on a spacecraft mission., No desterioration of the
cells as a result of this type of storage vesulted. Also, during the period 1960
to 1965, no planned program was performed to determine the effects of wat, un~
charged storage on cell performance or cycle life. However, experience showed
that to obtain satisfactory life and performance, the maximum wet life of a bat-
~ tery should be six months. During this period, some cycling would take place,

i. e. , capacity checks, qualification cycling and cycling during’ spacecraft integra-
tions. Usually the total number of cycles did not exceed fifty. During this six
month period, operation of temperature limits were between -10°C and 40°C.
Later on in the program, operational temperature limits were narrowed some-
what, In the last few yeaxrs it has been practice to storve the uncharged, wet bat-
teries at low temperatures (-20°C) for long periods of time. For example, a
ten ampere hour battery that was stored discharged for thirty-one months at
-20°C could be charged and discharged at room temperature and deliver 10, 4
ampere hours. The use of these batteries is restricted to prototype batteries
used in integration. Ref. 8 '

‘Each test reported has the following information in the héadiug;

(1) Test Number: A three digit number for designating the test. This
number is not necessarily the test number used in the original test. This num-
ber appears in Table 1 to serve as a cmss—letewnce between tests and battery/
cell charactevristics and performance. ‘

(2) Test Unit :md Serial Number: The serial number (S/N) is the same
numbey as used on the oviginal test unit. Cell design information is given for
‘each test unit, For example, a five ampere hour silver cadmium battery of
thirteen cells is designated as follows:



18x YS & S - 2 NM (%)
L———Non—Mngnetic

Design Drawing or Spacification Change Number

Sealed ox Can Be Sealed

L Nominal Ampere Hours Capacity
In this case, five ampere hours.

L Yardney Silver-Cel (If another manufacturer's test units were used,
the name of the manufacturer will be called out in the text. In this
secotion of the report, only Yardnuy Silver-Cals were used as test
units.

L Number of cells in the battexy. In this case, thirteen, No designation
hevre for a single cell. :

*For YS11 cells, a {TA) ox (Sh) will appaar hear to dmemntiata a tall qnd a
shoxt eleven ampere hour cell.

(8) Total Cycling Time: This glves the total number of test hours. This
includes periods of charged stand or float charging if these parts of the test ave
considorad in the Test Brief ox under Cycling,

- {(49) Number of Cycles: Tha number of cycles that were included in the test.
In a few test descriptions, the total number of cycles may not appear, e.g., data
on initial capacity chacks that were not required to demonstrate battmv/ cell
characteristios ox a few cycles for which data could not be located.

(5) Test Pexiod: Self-explanatory

Also, the following data and information is given fox each tast under the sub-
headings Test Brief, Cycling and Qbservations and Conolmions ‘l‘hese ave ex-
plained as follows: :

(1) Test Brief: A shoxt description of each test. A refevence to sach aell
design is shown at the bottom of aach Test Brief. Reference is made to the Main
Projact that the tosts were applied to in the overall program. Applicabla Figures,
~ that apply to each test, ave called out. Also included is a Nominal Dapth of Dis-
charge (NDOD).




(2) Cycling: A synopsis of the cycling program with data or information
that will support the battery ox cell characteristics or performance that are
described.

;
%
¥
»
ol
u
L

(8) Observations and Conclusions: The authors concept of the information
resulting from the test.

10
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TEST 001

Test Unit: Battery 17xYS3S-1NM
: S/N 001 '
Test Period: 1961 Total Cycling Time: 2400 Hours,

Number of cycles: 291

TEST BRIEF

. The battery consisted of seventeen, three ampere hour cells in series en-
capsulated in EPON 834. Simulated, orbital cycling was at 25°C and 42°C in 8.0
and 8.5 hour orbits with a 0.5 hour discharge. A voltage clamp and current limit

‘were used during charging. The nominal discharge current was 600 ma. Con-

stant resistance discharges were used. Discharge currents reported are aver-

ages. During cycling, total battery voltages were monitored for 65% of the cycling.

Charge current curves were integrated for 70% of the cycling to determine amount
of recharge. Wet life of the battery at the beginning of the test was approximately
six months. During this time the battery was stored discharged at 25°C.

Céll Design Reference: Appendix A

Project: Explorer XII (S-3)

Applicable Figures: 3,4

’Nominal Depth of Discharge: 10%

CYCLING

Cycle(s)" AHI (2 AHO'2  Cycling Parameters Temperature
Half Cycle(s) °C
iC&1D 25 - 25 300 ma. constant cur- 25
" 2C &2D 3.0 3.0 rent charge until first ‘
3C 2.9 ' cell reached 1.60 volts.
‘ ‘Discharge at 550 ma.
3D t0 28C Constant potential charge 42

at 1.47 volts per cell cur-
rent limited at 300 ma. for
8.0 hours. Discharge at
‘580 ma. for 0.5 hours.

11
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Cycle(s)
Half Cycle(s)

28D

29C

29D to 54C

54D

55C

55D to 106C

106D

1076

107D to 201C

201D

AHI

2.6

3.1

2.8

IEST 001 (Continued) -

AHO

2.7

2.8

2l

8

(o]

Cycling Parameters Té‘mpex"'ature

°Cc

In-cycle capacity check. 42

Discharge at 560 ma. to

0.9 volts per cell.

200 ma. constant current 25

charge until first cell

reached 1.60 volts.

Constant potential charge 42

to 1.47 volts per cell cur-
rent limited at 300 ma. for
7.5 hours. Discharge at 580
ma. for 0.5 hours.

In-cycle capacity check.
Discharge at 580 ma. to
0.9 volts per cell,

Same as 29C

Cycles 55D to 78C
Same as 29D to 54C

Cycles 79C to 106C
Constant potential charge
at 1.50 volts per cell cur-
rent limited at 300 ma. for
7.5 hours. Discharge same
as 29D to 54C. '

VhIn—-cycle capacity check.

Same as 54D,

Same as 290
Same as 79C to 106C

In-Cycle capacity check.
Same as 54D,

12
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42

42
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TEST 001 (Continued)

Cycle(s) AHI AHO Cycling Parameters Temperature
Half Cycle(s) ; ’ o °c
202C 2.4 ~ Sameas1C 25
202D 25 Same as 54D. 25
203C 2.6 ~ Same as 29C. 25

203D to 291C _ Ccustant potential charge 25
: ‘ : nt 1.50 volts per cell cur- =
A { rent limited at 1000 ma, for
(( , ¢/ 7.5 hours. Discharge at
Y © 650 ma, for 0.5 hours,

291D ' : 25 . In-cycle capacity check. 25
- ' ', Discharge at 650 ma. to
-/ 0.9 volts per cell.

(1) C = Charge
D = Discharge

(2) AHI - Ampere Hours In
‘AHO - Ampere Hours Out

OBSERVATIONS AND CONCLUSIONS:

1. During simulated orbital cycling, the initial charge voltage approached
the voliage clamp of 1.47 or 1.50 volts per cell within one minute from initiation
of charge.

2. At temperatures of 25°C and 42°C, a charge voltage of 1.50 volts per
cell wouid be satisfactory. Further testing would be required to determine if a
charge voltage of 1.47 volts per cell would be satisfactory for both temperatures.
The current limit could be set at a lower value than 200 ma. See Figure 3 for

typical charge current curves.

3. During the simulated orbital cycles the ampere hour efnciency was
greater than 90%. : :

g 18




TEST 001 (Continued)

4 During simulated orbital cycling, the cell balance on charge was within
40,080 volts of the cell voltage clamp. Cell unbalance on discharge occurred at
in-cycle capacity check 201D with one cell going to zero \*olts wlule th€ remain-
ing cells were between 0.9 and 1.0 volts. :

5. There were no indications of cell failures. during thgx first 200 cycles
- & permanent loss of approximately 0.5 ampere hours, ased-on the initial capac-
ity, resulted.

6. As shown in figure 4, the upper volt: \ga plateai (AgO plateau) on discharge
decreases with simulated orbital cycling. After in-cycle capacity checks, an upper
plateau appears for a few cycles then gradually decreases to the lower level.

3

14
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"Figure 3. Current on Charge, Test No. 001, Battery 17xYS3S-1NM, S/N 001
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Figure 4. Voltage on Discharge, Test No. 601, Bablery 1TxYS3S-1NM, S/ 001
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TEST 002
Test Unit: Battery 17xYS3S-1NM
S/N 002
Test Period: 1961 R Total Cycling Time: 850 Hours

Number of cycles: 105
~ TEST BRIET

The battery consisted of seventeen, three ampere hour cells in series en-
capsulated in EPON 834. Except for initial cycles at 25°C, all simulated orbital
cycling was performed at 0°C in 8.0 hour orbits with a 0.5 hour discharge. A
voltage clamp and current limit were used during charging. The nominal dis-
charge current was 600 ma. Constant resistance discharges were used. Dis-
charge currents reported are averages. During cycling, tofal battery voltages
and currents were recorded and end of charge voltages were monitored on o
rvecorder for 75% of the cycling. Charge current curves were integrated for 85%
of the cycling to determine the amount of recharge. Wet life at the beginning of
cycling was approximately seven months. During this time, the battery was stored
discharged at 25°C. o

Cell Dési‘gn Reference: Appendix A
~ Project: Explorer XII (S-8)
Applicable Figures: 5,6

Nominal Depth of Discharge: 10%

17




TEST 002 (Continued)

CYGLING
Cycle(s){! A AHO®  Cyoling Parameters Temparature
Half Cyole(s) G
1C and 1D - 2.8 2.8 200 ma, constant ourvent 25
2C and 2D chaxrge wtil fivst cell
SC and 3D reaches 1.60 volts,
40 Discharge at 550 ma. to
‘ : 0.9 volts per cell.
4D to 10D ‘ Constant potential charge 25
' at 1.50 volts per cell cur-
rent limited at 250 ma.
for 8 hours. Discharge at
610 ma. for 0.5 hours.
11C to 104C Same as 4D to 10D except 0
104C was a 280 hour charge. ‘
104D 2.1 In-cycla capacity check. 0
‘ Discharge at 630 ma.
105C and 105D 2.5 2.3 200 ma. constant gurrent 25
charge until first call
reaches 1.60 volts, Dis-
charge at 500 ma. to 0.9
volts pex cell.
@) C= Charge ‘
D = Discharge
: (2) ARI - Ampere Hours In
\\ ; AHO - Ampere Hours Out

! OBSERVATIONS AND CONCLUSIONS:

1. Du;ringj simulated orbital cycling, the initial chavge voltage approached
the voltage clamp of 1.50 volts per cell within a few minutes of initiation of

charge.

18
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2. At the temperature of 0°C, a charge voltage of 1.50 volts per cell would
be satisfactory. The available charge current could be less than 250 ma. As
cycling progressed, the initial charge current was less than 100 ma., then
approached the current limit followed by a gradual decrease with time. Charge
49Q, figure 5, is typical of 80% of the charge current curves. Charge 10C is
typical at the initial simulated orbital cycles.

3. During simulated orbital cycling, the average ampere hour efficiency
= was 95%.

4. During simulated orbital cycling, the cell balance at the end of charge
was within £0.03 volts of the cell voltage clamp. However, during one long charge
(104C) of 280 hours, fifteen of the cells were within 0.02 volts of the cell voltage
clamp and two cells measured 1.430 volts. The current at the time of this meas~
urement was less than two ma. Cell unbalance on discharge occurred on cycle
104D with one of the cells going to zero volts while the remaining cells were be-
tween 0.8 and 1.0 volts, '

‘5. There was no indications of cell failure. During the cycling program at
0°C, aloss of approximately 0.4 ampere hours, based on initial capacity at 25°C,
resulted. In comparing an initial capacity check (2D) with the final capacity check
at 25°C, the ampere hour loss was approximately 0.2 ampere hours.

6. As shown in figure 6, the upper plateau (AgO plateau) on discharge de-
creased with simulated orbital cycling. ‘

19
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TEST 003

Test Unit: Battery 20xYS3S-1NM

S/N 003

i

\i\ Test Period; 1961 , : Total Cycling Period: 150 Hours
Number of Cycles: 25

 TEST BRIEF

The battery consisted of twenty, three ampere hour cells in series. These
cells were not encapsulated in EPON 834. The {fill ports were sealed with poly-
styrene caps. Simulated orbital cycling was at 25°C in 6.0 hour orbits with a 0.5
hour discharge. A voitage clamp and current limit were used during cycling.
The nominal discharge current was 560 ma. Constant current discharges were
used. During cycling, total battery voltage and currents were recorded. Charge
current curves were integrated for 100% of cycling to determine the amount of
recharge. Wet life of the battery at the beginning of the test was approximately
one year. The battery (cells) had been stored discharged at 25°C.

Cell Design Reference: A?ppendix A
Main Project: SERB (Study of Enhanced Radiation Belt) - Explorer XV
Applic‘able Figures: 7

Nominal Depth at Discharge: 9%

22



TEST €03 (Continued)

“CYCLING

Cycle(s)!) AnI?  AHO®
Half Cycle(s) '

1ICand1D  INA®

2C and 2D INA 8.1
3C 3.0

3D to 24C

[+

25D ‘ o 3.

(1) C = Charge
D = Discharge
(2) AHI = Ampere Hours In
~ AHO = Ampere Hours Out
(3) INA = Information Not Available

Cyéling Parameters Temperature

200 ma. constant current
charge until average cell
voltage is 1.57 volts per
cell. Discharge at 600 ma.,

~ constant current.

200 ma. constant current
charge until average cell
voltage is 1.55 volts per
cell. Discharge at 580 ma.,
constant current.

Constant potential charge
at 1.50 volts per cell cur-
rent limited at 200 ma.
for 5.5 hours. Discharge
at 560 ma. for 0.5 hours.

In-cycle capacity check.

Discharge at 570 ma, to
0.9 volt per cell.

23 -

°C

25



TEST 003 (Continued)
OBSERVATIONS AND CONCLUSIONS:

1. During simulated orbital cycling, the initial charge voltage approached
the voltage clamp of 1.50 volts per cell within one minute from initiation of

charge.

2. The charge voltage of 1.50 volts per cell was satisfactory. A plot of
Ampere Hours In (AHI) and Ampere Hours Out (AHO) for simulated orbital
cycling is shown in figure 7. Note that a build-up in ampere hours capacity
occurs during the first twelve cycles. An increase in total capacity, in this case
from 8.1 Ahr to 8.5 Ahr, has been observed many times in this type of testing
during initial cycles (10 to 20 cycles). This is especially true when the battery
is constant current charged followed by simulated orbital cycling with periods
equal to or greater than six hours.

3. There were no indications of cell failures.

4. The average voltage at the upper plateau (AgO plateau), on initiation of
discharge, decreased from 1.32 volts per cell to 1.24 volts per cell.

~ AMPERE HOURS

o L | 1 | o 1
4 8 2 g "0 2 28
CYCLES '

Figure 7. Ampere Hours Out (AHO) Compared to Ampere Hours In (AHI)
‘Test No. 003, Battely 20xYS3S INM, S/N 003 ‘
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Test Unit: Battory 17xYS5S-2NM
S/N 002

Test Period: 1961 : Total Cyoling Time: 900 Hours
Numbes of Cyoclas: 42

TEST BRIEF

The battexy consisted of seventeen, five ampeve hour oells in series ensnp-~
~ sulated in EPON 834, Cycling was at 256°C and 0°C in orbits that vaxied batween
twelve and twenty-four hours. One long charge was included to detexrmine the
degreea of oell unbalance during a charge at 0°C. The nominal discharge ourvent
was 800 ma, for one hour. In a few cyocles, the.discharge current was 200 ma.
for one bour. Constant current discharges were used during simulated orbital
oycling. During cyoling, total battery voltages and currents were recorded and
and of charge cell voltages wore monitored for 90% of the cyoling, Charge cux=
rent curves wore integrated for all cyoling. Wet life of the battexy at tha be-
ginning of the test was approximately six months. During this time, the battexy
was stored discharged at room temperature.

Cell Design Reference: A‘ppandix‘A
Main Projecﬂ;i Explover XII (5-8)
Applicable Figures: None

‘Nominal Depths at Discharge: 17%

CYCLING

Cyela(s)t! Anr(2 AHOW  Cyeling Paramatexs Temperature
Halt Cycle(s) , ; ; R ¢

1€ and 1D 5.7 1.80 First oycle was a stmu- 25

lation of prelaunch opaxra-
tion. 270 ma. constant
current chaxge until fivst
cell reaches 1.60 volts.
Discharge at 885 ma. for
128 minutes.

25
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CYCQLING

Cyola(s) AT AHO
Half Cyola(s)

20 to 25C

260 ‘ 4.4

26D-39C

39D | 4.6

40C and 40D INAl
41C and 41D INA

(1) © = Charge
D= Discharge
(2) AHI = Ampere Hours In
AHO = Ampere Hours Qub
(8) INA = Information Not awailable

TEST 004 (Continved)

Cyoling Parametors Tamperatura
‘ Qc

Constant potantial ehaxge
at 1.50 volts por cell our-.
rent limited at 200 ma,
for twelve ox twenty-foux
hours. Dischavge at 830
ma. for ong hour,

In-cyole eapacity check.
Discharga at 770 ma. to
0.9 volts pex cell.

270 ma. constant ocurrent
oharge until first cell
reachas 1.60 volts., Power
failure shut off charger
prematurely.

Constant potential charge
to 1.53 volts per cell cur-
rent limited at 200 ma. for
twonty-four houxs. Dis-
charge at 7650 ma. ox 200
ma. for one hour,

In-oyele capacity cheok
at 25°C to 1.0 volt por cell,

25

25
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TEST 004 (Cfintinued)

“,
Cyele(s) AHI AHO Oyeling Parameters  Temperature
Half Cycle(s) LS °q

275 ma. constant eur- 25
rent until first cell

reaches 1.60 volts.

Discharge at 770 ma. to

0.9 volts per cell.

420 and 42D

&
e
1)
=

OBSERVATIONS AND CONCLUSIONS:

1. During simulated orbital cycling at 25°C, the initial charge voltage ap-
proached the voltage clamp of 1.50 volts per cell within one minute of initiation
of charge. At 0°C cycling, this time period increased to approximately ten
minutes.

2, At the tempehature of 25°C, a charge voltage of 1.50 volts per cell would
be satisfactory.

3. The nm'pere hour balance during cycling is shown in Tables 2 and 3. The
ampere howr efficiencies of 0.97 at 25°C are typical of the ampere hour efficien-
cies obtained during simulated orbital cycling.

4. During simulatad orbital cycling at 25°C, the cell balance or charge was
within 40,01 or -0.08 volts of the ¢ell voltage clamp. During cycling at 0°C, the
cell balance on charge was within +0.01 or -0.02 volts of the cell voltage clamp,
The battery had not been fully charged before 0°C cycling. This may have been
the reason for thae good cell balanee. Cell unbalance during discharge occurred
on in-cyole capacity check 39D when cne cell went to 0.6 volts while the remain-
ing cells were betwaen 1.0 and 1.06 volts. During a 48 hour charge on 89C, the
cell balance at end of chaxrge was within +0.02 or -0.07 volts of the voltage clamp
of 1.58 volts pexr cell. During this charge, the battery temperature was raised

- from 0°C to 25°C.

5. There wereé no indications of cell failure.

G. The degree of decay of the upper plateau of the discharge voltage during
cycling was not as pronounced during this test as in previous tests (001, 002,
and 003). : ET
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Battery 17xYS55-2NM

Table 2
TEST 004

AMPERE HOUR BALANCE AT 25°C

Cycles 1C to 25D

Cycle AHI AHO
1 5.7 1.80
2 2.33 0.82
3 0.97 0.83
4 0.96 0.83
5 0.90 0.83
B 0.89 0.83
ki 0.83 0.83
8 0.63 0.83
9 0.92 0.84
10 0.88 0.83
11 0.84 0.84
12 0.89 0.88
13 0.89 0.82
14 0.87 0.581
15 0.84 0.82
16 0.86 0.81
17 0.86 0.81
18 0.79 0.80
19 0.80 0.80
20 0.06 0.78
21 0.90 0.78
22 0.94 0.78
23 1.00 0.80
24 0.85 0.80
25 0.72 5.2
TOTAL AHI 26.77
TOTAL AHO 25.93

' AMPERE HOUR EFFICIENCY =

25.93

nree = 0,97

26.77




Table 3

TEST 004
Battery 17xYS55-2NM
AMPERE HOUR BALANCE AT 0°C
Cycles 26C to 39D
Cycle AHI AHO ‘ Reﬁlarks
26 4.44 0.75 Initial constant current
21 0.90 0.74 charge (26C) at 26°C
28 1.11 0.77 '
29 1.07 0.74
30 0.81 0.75
31 0.80 0.75
32 0.88 0.75
33 0.92 0.20
34 0.20 0.20
35 0.17 0.20
36 0.22 0.20
317 0.19 0.20
©. 38 0.23. 0.74 ,
39 ~ 0.68 4.6 Final Discharge (39D)
‘ at 25°C
Total AHI 12.62
Total AHO 11.60
11.60
AMPERE HOUR EFFICIENCY = 1262 = 0,92

e b g gt a4
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TEST 005

Test Unit: Battery 11xYS2S-1NM
S/N 001 R

Test Period: 1960/1961 Total Cyocling 'i‘lme: 2500 Hours
‘ Number of Cyoles: 21

TEST BRIEF

' The battery consisted of eleven, two ampore hour cells in series encapsu~
lated in EPON 884. Cycling was at 25°C, 8°C and -5°C. All charges were con-
stant cuxrrent to 1.60 volts per cell. Tha nominal discharge curvent was 400 ma,
to less than 1.0 volts per cell. Constant vesistance discharges were used. Dis-
- charge currents reported are averages. During cycling, total battexy voltages
and currents were recorded and end of charge voltages were monitored for all
“oyoles. Discharge currvent curves were integrated for all of the cycling. Be-
tween the last charge and discharge, the battery was stored charged at room
temperature for three months. Wet life of the battery at the beginning of the
test was approximately four months. The battery was stored disohavged at 26°C
during this time. :

, :' Cell Design Refamfix’éa; Appendix A
Main Project: LE;\fplorer XII (S-8)
Applionble FiéiireS: 8,9, 10

Nominal Depth of Discharge: 100%
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CYCLING

Cyole(s)'!)

Half Cycle(s)

1C and 1D
oy

it
{

2D
3C
3D
4C and 4D

56 and 5D

6C and 6D

7C and 7D

8C :md 8D

(1) C = Charge

TEST 005 (Continued)

Amr'?  AHO®@  Cyeling Parameters

2.1 2.0 100 ma. Constant cur-
rent oharge to 1.60 volts
pex cell. Discharge at
400 ma. to 1.0 volts per

cell.
2.1 ‘ _— . Same as 1C.
1.6 Same as 1D.
2.0 | éi‘mle as 1C.
1.8 Same as 1D,

21 1.8 Same as 1C and 1D.
2.1 2.1 . Same as 1C and 1D.
2.2 2.1 Same as 1C and 1D.

- 2.0 L9 | 160 m‘\ Constant cur-

rent charge to 1.57 volts

pett cell. Discharge at

400 ma. to 1.0 volts per
- cell.

| £
<

2.0 Same as 7C and 7D.

D = Discharge
(2) AHI -~ Ampere Hours In
© AHO - Ampers Hours Out
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TEST 005 (Continued)

C&cle(s) -+ AHI AHO Cycling Parameters Temperature
Half Cycle(s) ~ °C
9C and 9D 2.1 2.0 Same as'7C and 7D. 25
10C and 10D 2.0 2,0  Same as 7C and 7D. 25
11C and 11D 2.0 2.0 "Same as 7C and 7D. 25
12C and 12D 2.1 2.0 _Same as 7C and 7D. 25
16C to 19D — Results Similar to 12C and 12D. - 25
20C and 21D INA®)
21C 2.0 105 ma. constant cur- 25
rent charge to 1.57 volts .
per cell. Battery stored
charged for three months
at 25060 o
21D 1.9 Discharged at 370 ma. to - 25

1.0 volts per cell.

(3) INFORMATION NOT AVAILABLE

OBSERVATIONS AND CONCLUSIONS:

1. When discharged at -5°C, the battery delivered 68% of the 25°C capacity.
When discharged at 8°C, the battery delivered 90% of the 25°C capacity.

2. At full charge and discharge at 25°C, the average ampere hour efficiency

' ‘is'close to 100%. A 1.57 volt per cell cut off on charge is adequate, at 25°C, for
~full charge. Watt hour efficiency, calculated with an average discharge voltage

per cell of 1.13, is approximately 72%. See figure 8. This average voltage in-
cludes an average of the upper (AgO plateau) and lower (Ag,0O plateau) plateau

voltages.

3. The discharge voltage at -5°C, based on the flat portion of the lower

' plateau (Ag,O plateau) was 1.05 volts per cell, The average discharge voltage

at 8°C based on the flat portion of the lower plateau (Ag,O plateau) was 1.07 per

. cell,

32



TEST 005 (Continued)

4, The average voltage of the upper plateau (AgO plateau) did not decrease
in value during the cycling program. See figure 8. Some increase was observed.

5. During constant current chavging, the cell balance at the end of charge
was within +0.03 or -0.04 volts of the cell voltage clamp (1.57 or 1.60 volts), A
k typical charge curve is shown in figure 9.

6. The battery was stored charged at 25°C for three months. During this
storage, the battery lost approximately o% of charge. The disoharge curve after

{ storage is shown in figure 10,
16
, ‘ AVERAGE
AVERAGE Ag0 DISCHARG SYMBOL
DISCHARGE| p\ s TEAU VOLTAGE| Voot Phe: "
B 1.20 s o)
’ , 14 ; 120 122 114 v
i —d
: d
LW
(3]
x .
&
[¥2]
5
(=
> , ,
1 ’ Oﬁ\
‘ Y 1 | [ | |
3 0 50 100 150 200 © 250 300

E ~ R MINUTES ON DISCHARGE

Figure 8. Voltage on Discharge, Test No. 005 » Battery 11x¥S2S8-1NM, S/N 0ol
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CURRENT = 100 MA

w1 L L [ 1

4 8 12 16 20 2

HOURS ON CHARGE
Figure 9. Voltage on Charge, Test No. 005, Battery 11xYS28-1NM, S/N 001

14
{1} CHARGE 21C AHl= 2.0 & 25°C
(2} STORED THREE MONTHS @ 25°C
(3) DISCHARGE 210 AHO = 1.9 @ 25°C

[

VOLTS PER CELL

I

08 1 1 L1 I
0 50 100 150 200 250 300

) o o MINUTES ON DISCHARGE
Figure 10. Voltage on Discharge, Test No. 005, Battery 11xYS2-1NM, S/N 001
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TEST 006
Test Unit: Battery 11xYS2S-1NM
S/N 002
Test Period: 1960 : Total Cycling Time: 175 Hours
Number of Cycles: 8
TEST BRIEF

i The battery consisted of eleven, two ampere hour cells in series encapsu-
lated in EPON 834. Cycling was at 25°C, 49°C and -6°C. All charges were con-
stant current to 1.6 volts per cell, The nominal discharge currents were 400 ma.
to less than 1.0 volts per cell. Constant resistance discharges were used. Dis-
charge currents reported are averages. During cycling, total battery voltages
and currents were-recorded and end of charge voltages were monitored for three
cycles. Discharge current curves were integrated for each cycle. During two
discharges, the temperature rise of the battery was monitored. The battery was
- vibrated between a charge and discharge per the vibration schedule for the
DELTA Launch Vehicle. Also during the test program, the battery was acceler-
ated, per the DELTA Launch Vehicle Schedule, between a charge and discharge.
Maximum acceleration force was nine times gravity for twenty seconds. Tem-
perature during acceleration was 25°C. Wet life of the battery at the beginning
of test was approximately five months. Durmg the time, the battery was stored
discharged at room temperature. ~

Cell Design Reference: Appendix A
Main Project: Explorer XII (S-3)
- Applicable Figures: 11

N‘Bmihal Depth at Discharge: 100%
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TEST 006 (Continued)

CYCLING
Cycle(s)!1)  AHI2 AHO® Cycling Parameters Temperature
Half Cycle(s) - °C
1C and 1D 1.96 2.01 100 ma. constant cur- 25

rent charge to 1.60 volts

per cell. Discharge at

400 ma. to 1.0 volts per

cell.
2C and 2D 2.00 2.01 Same as 1C and 1D. The 25

' battery was vibrated, per

DELTA Launch Vehicle

Schedule, batween charge

(20) and discharge (2D).

Vibration was at 256°C.
3C and 8D 2.05 2.01  Same as 1C and 1D. 25
el 2.05 Same as 1. 25
D | 1.52 Same as 1D. | -6
5C and 5D 2.00 1.85 Same as 1C and 1D. The 25

battery was accelerated,

per the DELTA Launch

Vehicle Schedule between

charge (5C) and discharge

(6D). Acceleration was at

25°C,
6C ; 2.10 Same as 1C. 25
6D - 2.00 Same as 1D, ' 49

(1) C = Charge
D = Discharge
(2) AHI - Ampere Hours In
- AHO - Ampere Hours Qut

36



i

TEST 008 (Continued)

Cycle(s) AHI AHO Cycling Parameters Temperature
Half Cycle(s) °C
7C and 7D 2.20 2.10 Same as 1C and 1D. 25

8C 24 : Same as 1C. Battery was
: ruptured due to internal
pressure rise. Charger
cut off failed.

8D : , 1.5 Same as 1D. ‘ 25

OBSERVATIONS AND CONCLUSIONS:

1. When discharged at 49°C, the battery delivered 95% of the 25°C ampere
hour input capacity. The battery had been stored charged approximately 70 hours
at 49°C before the discharge. During discharge, the temperature of the battery
rose 3°C. Temperature was monitored by a thermocouple placed on the intercell
comnector of the center cell. When discharged at ~6°C, the battery delivered 74%

" of the 25°C ampere hour input capacity. During discharge, the battery tempera-

ture rose approximately 5°C.

2. At full charge and discharge at 25°C, the ampere hour efficiency was

‘close to 100%.

: 3. The average discharge voltage at 49°C, based on the lower plateau (Ag,O
plateau) was 1.09 volts. Some increase in upper plateau was observed. See fig-
ure 11. The average voltage at -6°C, based on the lower plateau, was 1.05 volts

per cell.

4., No problems were encountered as a result of vibration or acceleration.-
The apparent loss of capacity after acceleration was due to a discharge during
acceleration of 900 ma. for several minutes.

5. During charge 8C, the failure of the charger cut off (1.60 volts per cell)
caused the battery to rupture. The battery was discharged after the rupture oc-
curred and delivered approximately 1.5 ampere hours. During charge 8C, the
battery was overcharged by approximately 0.4 ampere hours. It was estimated
that the internal pressure at burst, assuming the evolved gas was hydrogen, was
10 atmospheres absolute. ‘ : '
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VOLTS PER CELL

08

DISCHARGE | AVERAGE Ag0 | AVERABE Ag,0 [ cyyao)
TEMP, °C |PLATEAU VOLTAGE| PLATEAU VOLTAGE| ~
iD, 25°C 1.20 1.09 o)
6D, 49°C 1.22 1.09 v

L]

|

|

Figure 11,

50 100

MINUTES

150 :
ON DISCHARGE

200

300

Voltage on Discharge, Test No. 006, Battery 11xYS2S-1NM, S/N 002
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TEST 007

 Test Unit: Battery 13xYS55-2NM
S/N 006 & S/N 003
Test Period: 1961, 1962 : Total Cyoling Time: 120 hours

Number of cycles: 23
TEST BRIEF

Bach battery consisted of thivteen, five ampere hour cells in sexies sncap-
sulated in EPON 834. Cells were from the same production lot. The battery
was assembled into two wnits designated as 2A and 2B that contained five and
aight cells, respectively. Provisions were made 5o that cell voltages could ba
measured individually, A photo of the battery is shown in ustration 1, This
is the configuration flown on eaxly Explorer satellites. Tests were pexformed
to determine voltage, currvent, and temperature relationships as a funotion of
constant powor discharges of 18 & 83 watts. Also, tests were performed to de-
terming the voltage, current and temperature charactaristios as a funoction of
the residual charge remaining in the battery. This latter charvacterization is
significant because of the effect of the two levels of discharge voltage (AgO and
AgoQ) that are inherent in the silver cadmium system. Previous to these tests,
each battery had received saveral routine cycles, at room temperature, but dur-
ing the remaining time had been stored dibch*u*ged at 25°C. The wet life of the
batteries was 1ﬁbS than ten months. :

Cell Design Referenca: Appendix A
‘Main Projeots: Explovers XII, Q\"I\’, XV and XVIIT
Applicable Figures: 12, 18, 14, 15, 16, 17, 18

Nominal Depth of Dischavge: 100%
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IMlustration 1.

Battery 13xYS5S-2NM Used on Explorer XII, XIV and XV




TEST 007 (Continued)
CYCLING
1. Constant Power (13 watts)
The battery was discharged on the Explorer X11 power converter, with
dummy loads, at 13 watts input. Test temperatures were 28°C, -10°C

and 48°C. On each test, the battery was discharged to less than 0.93
volts per cell or until one of the cells approached zero volts, Previous

to each test, the battery had been charged at room temperature at 300 ma.

_ constant current to 1.55 volts per cell average. A summary of ampere
hour inputs and outputs are as follows:

Cycle(s)t 1 AHI®? AHO? Cycling Parameters Temperature
Half Cycle(s) 2 , A °C
15C and 15D 5.4 5.1 300 ma. constant cur- 28

rent to 1.55 volts per cell
average. Constant power
discharge of 13 watts to
less than 0.93 volts or first
cell i¢ zero volts,

16C 5.4 Same as 156C ; 28
16D 4.7 Same as 15D -10
17C INAB) Same as 15C 28

17D 5.7 Same as 15D 48
2. Constant Power (33 watié) -

The battery was discharged on the Explorer XVIII power corverter,
with dummy loads, at 33 watts input. Test temperatures were -10 °c,
0°C, 24°C and 50°C. On each test the battery was discharged to 0.93

(1) C = Charge
D = Discharge
(2) AHI - Ampere Hours In
AHO - Ampere Hours Out
(3) INA - Information Not Available
Recorder off scale.
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TEST 007 (Continued) ?

volts per cell or less. Information as to charging before each test is
not available but the data indicates that charging before the constant

power discharge was done at room temperature. The current during
4 constant power discharges is a nominal 2.5 amperes.

} 3. Voltage and Current Characteristics as a Function of Residual Capacity
¥ 'f and Temperature.

:Fi , For each test, the battery was room temperature charged at 300 ma, for
/ an ampere hour input of 5.2 Ahr, To obtain the residual capacities stated =
on figures 16, 17 and 18, the battery was drained at one ampere at the ¥
test temperature. Following this discharge, the battery was put on stand
for fifteen minutes then the various current drains were applied to obtain
the battery voltage as a function of residual capacity. At the lower tem-
peratures, this current drain had to be applied for several minutes since
the battery voltage tends to dip, especially at the higher current drains.
The capacity removed during these current applications was considered
when calculating residual capacities.

Herein, the term residual capacity may be misleading. This term means
the approximate ampere hour capacity, remaining in the battery if the
battery would deliver the 5.2 ampere hours under all conditions of dis-
charge. Obviously, a lesser residual capacity is realized at low temper-
atures, e.g., 0°C and ~9°C.

OBSERVATIONS AND CONCLUSIONS:
A, Constant Power Discharges at 13 Watts and 33 Watts.

1. As shown in figures 12, 13, 14 and 15, the batteries functioned quite
good at the constant power discharges at room temperature and above. However, B
at the lower temperature, the battery voltage dips, initially. This was more pro-
nounced at the 33 watts constant power discharges. This can be troublesome
where a low voltage cut off is used, e.g., 0.9 volts per cell.

B. Voltage & Current Characteristics as a Function of
Residual Capacity and Temperature

1. As shown in figures 16, 17 and 18, the presence of the upper (AgO plateau)
has a pronounced effect on the discharge voltage. No single test could be found

T M 1 b s e
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A TEST 007 (Continued)
{i//'/ " E
that duplicated this test procedure when the upper plateau is not present, But

several tests show that, if the upper plateau is not present, the 28°C voltage/

_current characteristics are similar to the voltage/current characteristics shown

in figure 16, at 28°C, when greater than 50% of the capacity is removed.

it
,’71
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Figure 12. Constant Power (13 Watts) Discharge, Test 007
Battery 13xYS5S8-2NM, S/N 003, ~10°C
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Figure 14. Constant Power (13 Watts) Discharge, Test 007
Battery 13xYS55-2NM, S/N 003, 48°C
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Figure 15. Constant Power (33 Watts) Discharge
Test 007, Battery 13xY$55-2NM, §/N 006
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' F1gure 16. Voltage vs. Current as a Functlon of Residual Battery Capac1ty
Test 007, Battery 13xYS58-2NM, S/N 003, Temperature 28°C
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Test 007, Battery 13xYS58-2NM, S/N 003, Temperature 0°C
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TEST 008
Test Unit; Cell YS5S-2NM
S/N 1019
Test Period: 1962 Total Cycling Time: 190 Hours
Number of Cycles: Three
TEST BRIEF

The test unit was a single five ampere hour cell encapsulated in EPON 834.

A pressure transducer was mounted on the cell by mounting the transducer on

the fill port of the cell and forming a seal between the pipe threads and the epoxy.
Initially the cell was constant current charged at 300 ma. to 1.60 volts. Further
charging (overcharge) was done at 50 ma, constant current to determine internal
pressure rise. Stand periods were used to determine recombination rates. Cell
voltage and the voltage output of the transducer were recorded. Wet life of the
cell at the beginning of test was two months, During this time the cell was stored
in the discharged condition at 25°C. However, the data indicates that the cell had
received two or three capacity checks before the above test was initiated.

Cell Design Reference: Appendix A
Main Project: Explorer X1

Applicable Figure: 19

Nominal Depth at Discharge: 100%

'CYCLING

Initially, the cell, was charged at 300 ma. constant current to 1.60 volts.

. At the end of charge, the internal pressure was approximately five PSIG. After

a four hour stand period, the cell was charged at 50 ma. constant current until

~ the voltage reached 2.2 volts. After a stand period of sixteen hours, the cell

was again charged at 50 ma. constant current to 2.2 volts. During and after each
charge, the pressure was recorded to observe increases and decreases in pres-

~ sure. The total ampere hours delivered to the cell was 8.4 Ahr. On discharge

at 990 ma., the cell delivered 6.9 Ahr. All testing was at 25°C to 27°C.
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TEST 008 (Continued)

OBSERVATIONS AND CONCLUSIONS:

During the initial charge of 300 ma. constant current to 1.60 volts, the max-

imum pressure rise was five PSIG. On continuation of charging at 50 ma. con-
stant current, the pressure rose to 125 PSIG with the cell voltage rising to 2.2
volts. During a stand period of sixteen hours following this charge, some re-
combination appears to take place. See figure 19, Additional charging at 50 ma.
constant current further increased pressure. The pressure decay, during the
stand period following this charge, at first is appreciable then decreased to a
very low rate of 0.24 PSI/hour. As will be shown later, these types of non-
magnetic cells are negative limited on charge. Consequently, it is concluded
that most of the internal pressure rise was due to evolution of hydrogen. The

low rate decline in pressure may have been due to some hydrogen recombination

with silver oxide (ref. 4) or leakage or diffusion of hydrogen from the cell. It
was concluded, that these types of sealed cells could not be subjected to any
overcharges even at low current rates.
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TEST 009

Test Unit: Cells YS10S-2NM
S/N 2018 and 2019

Test Pericd: 1962 Total Cycling Time: 100 hours
: Number of Cycles: 2

The test units were ten ampere hour cells encapsulated in EPON 834, A
pressure transducer was mounted on each cell by mounting the transducer or
the fill port of the cell and forming a seal between the pipe threads and epoxy.
A valve for venting was installed. The cells had been filled and formed at God-
dard Space Flight Center but all the data is not available. The cells were filled
with forty cc. of 40% potassium hydroxide. After formation, electrolyte was re-
moved from one cell, after the final charge, so that the free electrolyte level
was one centimeter for cell 2018 and six centimeters for cell 2019. Therefore,
when the cells were sea'ed, cell 2018 was electrolyte starved and cell 2019 was
essentially flooded. Initially the cells were charged at 500 ma. to 1.60 volts per
cell. Overcharge currents of 100 and 200 ma. were used to determine magnitude
of resultant internal pressures. Cell voltages and the voltage outputs of the trans-
ducers were recorded. Evolved gases were vented and analyzed between tests.
All charges and discharges were constant current. Wet life of the cells at the
beginning of test was one weelk,

Cell Design Reference: ‘Appendix A
Main Project: Explorers

Apphcable F1gures- 20, 21

Nominal Depth of Discharge; 100%

CYCLING

~Initially the cells were charged at 500 ma. constant current until each cell

" reached 1.60 volts., When each cell reached this voltage value, the current (over-
‘charge) was lowered to 100 ma. The cells were discharged and the test repeated
but the overcharge current was set at 200 ma. After both charges and overcharges,
the cells dehvered the followmg capacme., o
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TEST 009 (Continued)

Cycle(s)tV AHI2 AHO?
Half Cycle(s)
1C and 1D 13.9 10.4
Cell 2018
2C and 2D 13.7 11.7
Cell 2018
1C and 1D 14.4 1l.2
Cell 2019 ~

- 2C and 2D INAB) 12.6
Cell 2019

(1) C = Charge
D = Discharge
(2) AHI - Ampere Hours In
AHO - Ampere Hours Out
(3) Information Not Available

CYCLING

Graphs showing voltages and currents on charge and overcharge and the re-
lated pressure characteristics are shown in figures 20 and 21. On cycle 002, the
charging information for cell 2019 was incomplete. The internal pressure rise

Cycling Parameters
o]

500 ma. constant current 25 to 27

to 1.60 volts. Overcharge

at 100 ma. Discharge at

1.6 amperes to less than

0.9 volts.

Same as 1C and 1D.
Except overcharge at 200
ma. ‘

25 to 27

500 ma. constant current 25 to 27
to 1.6 volts. Overcharge
at 100 ma. Discharge at
1.7 amperes to less than

0.9 volts.

Same as 1C and 1D,
Except overcharge at
200 ma.

25 to 27

of cells 2018 and 2019 for cycle 002 were essentially the same.

<o
{41} .

Temperature



TEST 009 (Continued)
OBSERVATIONS AND CONCLUSIONS:
1. High internal pressures were encountered when the cells were over-
charged at 100 ma. or 200 ma. These pressures occurred in both the starved

and flooded cells.

2. Analyses of the gas content of the cells after the 100 ma. overcharge

showed that the gas was 93% and 95% hydrogen in cells 2018 and 2019, respectively.

3. It was concluded that these type of sealed cells could not be subjected to
any overcharge even at low current rates.

4. The flooded cell discharge capacities were approximately one ampere
hour greater than the capacities of the cell that was electrolyte starved.
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CELL 2019

CELL 2018
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Figure 20. Internal Pressure Rise on Overcharge at 100 ma., Test No. 009
Cell YS10S-2NM | :
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Figure 21. Internal Pressure Rise on Overcharge at 200 ma., Test No. 009
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TIST 010
Test Unit:  Battery 18NYSHS-2NM
S7N YARL 0006
Test Poriods 1901 to 1964 Total Test Time: 30,000 Hours

Nutnber of Cyecles: 220
TRST BRIGK

The battery consisted of thivteen, five ampere hour cells in series enoup=
sulated in BPON 834, "Tho battery was assembled into two wits designated us
2A wad 28 that contained five and eight cells, respectively. Provisions were
made so that cell voltages could be measured individually at a test connector.

A photo of the battery {s shown fn Mustration 1. This is the configurtion flown
on early Explover satellitos. A simulated orbital test program was performed
at Goddand Space Flight Centar (GSFC) followed by tosting at the Naval Weapons -
Support Center/Crane (NWSG/Crane) tn Indiang. All of the simulated orbital
ayaling, porformed ab GREPC, was at room temperature with orbit times of cight
to approxtwately twelve houws. Some sjmulated orbital cyeling was done at
CNWSC/Orane, Also the offects of long float eharging for a peviod of two years
At voonm temperature were nvestipated at NWSG/Crane. Where charge ox dis-
chargoe currents were not constant ourrent, the recorder curves were integrated,
The oyeling pavametors, used at GSIC and NWSC/Crane, are outlined under
Gyoeling below. Unless othorwise noted, briel storvage periods between tests
were gt approximately 86°C, The wetb lifo at the bogiuning of the test was ap=
proximataly four months. During this time, the battery had been stored dis=
chargoed at 26°C, Alter the oyeling wnd float ehurging tests were completed, n
gootion of the Lattery was returned to the naudaeturver, the Yavdney Bleotric
Company, for avalysis, Bxcerpts from n letter, ref, 5, pertaining to the analyses
performed i ineluded wder Qbservations and Conelusions of this test (010),
Information on stulated onbital testing at NWSG/Crane was tuken from vef. 0.

Cell Design Referoioe: Appendix A
Mot Projoctst  Bxplovers NI, XIV and XV,
Applicable TFgures: 22, 33

Nominal Depili of Digehavgesy 8%, 10%, 2%, 25%
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TEST 010 (Continued)
CYCLING
I Goddard Space Flight Center

Cycle(s)! AHI(? AHO'2 Cycling Parameters Temperature

Half Cycle(s) °c

1C to 1D 4.37 4.10 300 ma. constant current 25
- 2C to 2D 3.71 3.64 charge, constant potential ‘

3C 4.09 of 1.53 volts per cell aver- :

age. Discharge at 480 ma.,
to less than 0.9 volts per

cell,
3D to 20D ' Constant potential charge - 25
‘ at 1.50 volts per cell cur- to
rent limited at 150 ma. for . 28

7.5 hours. Discharge at
850 ma. for 0.5 hours.

21C to 170C | Constant potential charge 25
at 1.50 volts per cell cur- ~ to
rent limited at 450 ma. for =~ 28

9.5 hours. Discharge at
1.1 amperes for 2.0 hours.

171D : 5.80 Discharge at 1.0 amperes 25
‘ : to 1.0 volts per cell. This to
discharge was done after =~ = 28

‘the battery was removed
from the cycling equipment
for a period of 55 days, i.e.,
it was stored charged for o
55 days at room temperature.

(1) C = Charge : - ' A

'~ D = Discharge - : : ' :

(2) AHI - Ampere Hours In - -
~ AHO - Ampere Hours Out
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TEST 010 (Continued)
ovormg®™
It N‘AVAL WEAPONS SUPPQRT CENTER/CRANE
A. The battery was subjected to 50 gontinuous cycles consisting of several time

intervals of charge and discharge with various currents. All of the cycles
were conducted at room ambient conditions of temperature and pressure.

1. Cycles 1A - 3A wéra constant current charges of 300 ma. to a cutoff
voltage 1.58 volts pex gell followed by discharges at 1.0 ampere to a cutoff
voltage of 0.9 volts per cell.

- 2. Cycle 4A was a 24 hour constant potential charge, current limited to
590 milliamperes and voltage limited to 1.51 volts per cell followed by a 80
minute discharge at 1.0 ampeue

3. Cycles 5A - 24A were 7.5 houxr constant potantial charges, current
limitsd to 300 milliamperes and voltage limited to 1.51 volts per cell followed
by 30 m muta discharges at 1.0 ampere.

4. chle 25A was similar to that of eycle 5A -~ 24A, except that the dis-~
“charge at 1.0 ampere was continued to a cutoff voltage of 0.9 volts pex cell.

5. Cycle 254 was followed by a 15 minute rest pariod.

6. Cycle "GA was an 8.0 hour constant potential chavge, current limited to
5.0 amperes and voltage limited to 1.51 volts per cell. Discharges at 2.5 ampams
for 30 minutes.

; 7. Qycles 27A - 83A were 24 hour constant potential charges, current
: limited to 100 milliamperes and voltage limited to 1,51 volts per oa,ll discharges
at 2.5 ampams for 30 minutes.

, 8. Cycle S4A qu similar to that of cyeles 27A - SSA emept that the discharge
at 2.5 amperes was continued to a cutoff voltage of 0.9 volts per cell,

9. Cycle 34A was followed by a 15 minute rost pal:iéd.

(1) Cycle Numbers are designated as 1A, 24, at;é.
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TEST 010 (Continued)
CYCLING
II NAVAL WEAPONS SUPPORT CENTER/CRANE (Continued)

10. "Cycle 35A was an 8 hour constant potential charge, current limited to
5.0 amperes and voltage 11m1ted to 1.51 volts per cell discharge at 1.0 ampere
for 30 minutes.

11, Cycles 36A - 46A were similar to cycles 5A - 24A,
12. Cycle 47A was similar to cycle 25A,
113, Cycles 48A - 50A were similar to cycles 1A - 3A.

B. The battery was monitored continuously. All charge and discharge voltages
and charge currents, except constant current charges, were recorded. Am-
pere hour efficiencies were calculated for each cycle and watt hour eificien-
cies were calculated for cycles 10A, 20A, 30A, 35A, 40A and 46A., ”‘hese
data are tabulated in Tables 4 and 5,

C. After the above program, the battery was cycled as follows:

1. Cycle 51A - Constant potential charged at 1.58 volts per cell current
limited at 300 ma. After the battery approached zero current (one to two ma.),
the battery was left on float charge for approximately two years. Temperature
was room ambient. Battery voltage was recorded continuously and cell voltages
and currents were measured daily. During the float charge, capacity checks
were made at several time intervals. The discharge during all capacity checks
was one ampere, constant current. The battery voltage durmg float charge was
1. 55 Volts per cell.

OBSERVATIONS AND CONCLUSIONS:

I - GODDARD SPACE FLIGHT CENTER

1. The reason for the low ampere hours capacities on the initial cycles at
GSFC is not knowi. This may be erroneous.

2. During simulated orbital cychng, the ampere hour efficiency was 93%
or better. ; : :
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3. During a capacity check cycle on cycle 70 (not shown above), the ampere
hour capacity of the battery was 6.13 Ahr. During this type of cycling at 25°C,
~ the total ampere hour capacity of the battery improved with cycling.

4. Little data was available on the cell balance on charge. However, the data
‘showed the cell balance during the last few cycles to be within +0.02 volts of the
cell voltage clamp of 1.50 volts.

5. Itis interesting to note the effect of the transition of the Ag,0 to AgO
phases on the charging curve. This is shown in figure 22 where the back EMF
of the battery cells results in a depression of the charge current curve. Addi-
tional information on the subject is given in TEST 017 of this Section of the report.

6. During simulated orbital cycling with deeper discharges, the upper plateau
on discharge is not depressed to the degree shown in previous tests, e.g. TEST
001, See figure 23 for typical cycles on this test unit, YAEL 007,

L ‘7 There were no indication of cell failure during this phase of the test.

Il - NAVAL WEAPONS SUPPORT CENTER/CRANE

1. The high rate charging surges of cycle 26A and 35A had no adverse effects
on the battery. This is shown by the discharge capacity of cycle 1A, 5.67 Ahr as
compared to cycle 50A, 5.52 Ahr. See Table 4.

2. During each cycling sequence, the ampere hour efficiencies settled down
to range from 90.0% to 97.9%. Watt hour efficiencies, during simulated orbital
cycling, ranged from 68.8% to 92.4%. Ampere hour efficiencies are shown in
Table 4. Watt hour efficiencies are shown in Table 5. It is interesting to observe,
that, even though the battery accepted 4.79 Ahr. on the charge of 26A, a capacity
build-up during cychng has resulted in a dlschfu'ge of 5.43 Ahr. on capacity check
34A. ‘

3. There were no indications of cell failure during this phase of the test.

4. During the flont charge for two years, the cell voltage unbalance ranged
“from 1.4 to 2.0 volts per cell. The voltage shifted in cells, i.e., some cells that
had high voltages would shift to a 1owel} level and cells with low voltages would =
~shift to a higher level. After two years of float charging, voltages on some cells
were less than 1.41 volts. This is an indication of internal soft shorts. Capacity
checks during the float charge did seem to have some effect on the cell balance,
i.e., the voltage of some high cells became lower and some low cells float charged
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at a higher level. Typlcal cell voltage data during the two year float charge is
shown in Table 6

5. Capacity checks were made durmg the float charge. The results were
as follows: .

YEARS ON FLOAT : AMPERE HOURS OUT (AHO)
" CHARGE TO 1.0 VOLTS PER CELL
0 : : 5.7
1.1 . 5.5
1.6 , : 6.0
1.8 4,5
2.1 ' 1.3

Just previous to the last capacity check, cells 001 and 008 measured below 1.41
volts. Cell 001 was intermittent, i.e., at times the voltage was above 1.41 volts "
and at times would be below 1.41-volts. On the dlscharge at 2.1 years, these two
cells went to zero volts while the remaining cells were greater than 1.0 volts.
Therefore, the low voltages on float charge (1.41 volts) are indications of soft
internal shorts. During all capacity checks, the Voltage curves were essentially
_ ’ﬂat i.e., the AgO plateau did not exist.

6. After the capaéity check of September, 1964, (see Table 6) bulging and
leakage of the battery was observed. After the last capacity check, the leakage
was quite bad and the Test was discontinued.

, 7. From the above tests, it i$ concluded that the battery can be float charged

at 1.55 volts per cell at 25°C for approximately two years and maintain good
ampere hour capacity. It was determined later in the overall program that 1. 51
volts per cell for float charge was also satisfactory but the cell voltage unbalance
would persist. Also as will be shown later, Test 019, a float voltage of 1.41 volts
per cell was adequate and would avoid the problem of cell unbalance. Although
cell voltage unbalance did not appear to be a problem in this test, the predicta-
bility of internal gas pressures due to cell voltage unbalance was difficult to
establish. : '

8. Excerpts from a letter, ref. (5), pertaining to battery and cell analyses
- follows.  The analyses was performed by the Yardney Electric Company. '

Letter T1t1e Dissection Analysis of NASA YS-58-2NM Battery, S/N 007

"Reference is made to the five cell section of the YS-5S5-2NM battery
- which was on constant potential (trickle) charge for two years, and - ‘
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submitted by you for analysi‘s kby the Researéh Department. It is under-
stood that the battery received several months of cycling prior to being
placed on float. '

Visual observations of the unit prior to dissection showed that the edges
of the cases of the two middle cells (perpendicular to the plates) were
cracked. Large carbonate deposits were noted along the bottom of the
battery case. The cracked cases probably account for the high voltages
observed during end of the float charge. One cell which appeared to be
in good condition was given two cycles (charge at 0.5 amps to 1.6 volts
and discharge at 2.0 amps to 0.6 volts), to determine its capacity. The
respective input and output capacities after two cycles were 4,4 AH and
4.0 AH. A Hg/HgO reference electrode which was inserted in the cell
showed that the negative plate was limiting the charge and discharge.
The cell was-then dissected and one positive and negative electrode was
placed either between two fresh cadmium electrodes or two fresh silver
electrodes, and given several deep cycles in 44% KOH. The capacities
of the positive and negative electrodes respectively were 1.0 AH and
1.14 AH. It should be noted that the capacities of fresh silver and cad-
mium electrodes are 2.0 and 2,2 ampere-hours, respectively. (These
are flooded capacities.)* '

A second set of electrodes was washed free of alkali, dried, and weighed.
It was found that the positive electrode had decreased 35% in weight and
‘about 3 mils in thickness. The weight and thickness of the negative
electrode remained essentially the same as a fresh electrode.

The free electrolyte available in the cell (0.6cc) prior to dissection was
analyzed for OH "and COj; content. The analysis showed 21.7% free KOH
and 26.7% K,CO; (314 mg/ml). The original KOH concentration was 44%

~and the KOH was essentially carbonate free. The carbonate content in
the cycled cell is quite high, which is undoubtedly due to extensive silver

attack on the separators. Silver analysis of the separators showed that

“this was indeed the case. The results are given below:

“*Author's note.
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TEST 010 (Continued)

Layer No,

(Starting from 2 9
Positive Plate) Mg. Ag/in.©  Mg. Ag/cm, Total Ag-(gm.)
Woven Nylon -1 22.7 3.52 “ 0.22
Woven Nylon -2 . 16.5 2.56 ' 0.16
C-19 -1 204 .. 81.6
c-19 -2 @ ‘
C-19 -3 93.3 14.5 2.00
C-19 -4 = 24.3 : 3.77 0.92
C-19 -5 1.5 0.23 0.24

Woven Nylon -3 0.2 0.31 0.02.
: 0.002-

Total Ag 3.56 gm./"U" Fold
1,78 gm.Ag loss plate

(2) C19 1 and 2 could not be separated. C-19 silver treated cellophane.

- Initial Ag wt = 5.5 gm.) minus wt of grid and CdO
Final Ag wt = 3.7 gm.)

Note that the loss of silver from the electrode to the separators (32. 5%) agrees
very closely with the results obtained by weighing the electrode. As can be seen,
~ the silver attack is fairly severe, but considering that the life of the battery was
about 40 months heavy silver penetration is not unusual,

Photographs (inciuded with this letter) of the positive‘ and negative plates, and of
the separator system, show the condition of the components at the time of dis-
section.. (Photographs, color, not included in this report.)*

The close-up photograph of the positive clearly shows organic deposits on the
surface at the lower right portion of the plate. In the photograph of the end
negative electrodes, fairly large white crystals of KOH and K,COj; can be seen
 protruding from the C-19. This indicates that there was some evaporation of
water from the cell, even though it appeared to be sealed. These crystals were
analyzed chemically and found to contain 89% KOH and about 10% K,CO3;."

*Author's note.
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- , : Table 4
‘ TEST 010
Baitery 13xYS58-2NM
S/N YAEL 007
Ampere Hour Efficiencies
| AH. A.H. A.H. A.H. A H. AH.
) Cycle Charge | Discharge | Efficiency Cycle Charge | Discharge | Efficiency
: 1A | 5.85 | 5.67 96.92 26A | 4.79 1.25 26:10
’ 2A | 5.75 | 5.73 99.65 27A | 2.01 1.25 62.19
3A | 5.70 5.67 99.47 28A | 1.79 | 1.25 69.83
4A | 4.95 0,500 N/A 29A | 1.34 1.25 93.28
5A | 0.643 0.500 .76 30A | 1.34 1.25 93.28
6A | 0.589 0.500 84.89 31A | 1.30 1.25 96.15
7A | 0.600 0.500 83.33 32A | 1.45 1.25 86.21
8A | 0.559 0.500 89.45 33A | 1.30 1.25 - 96,15
9A | 0.569 0.500 | 91.07 | 34A | 1.30 5.43 ~ N/A
10A | 0.555 0.500 | 90.09 35A | 5.61 0.500 - 8.91
11A | 0.544 0.500 91.91 | 36A | 0.600 0.500 83.33
12A | 0.547 0.500 91.41 37A | 0.558 | 0.500 - 89.61
13A | 0.554 0.500 90.25 | 38A | 0.524 0.500 - 95,42
14A | 0.553 ¢.500 90.42 39A | 0.517 0.500 1 96.71
15A | 0.547 0.500 | 91.41 40A | 0.519 0.500 ' 96,34
16A | 0.551 | 0.500 | 90.74 41A | 0.549 0.500 - 91.07
17A | 0.528 0.500 | 92.94 42A | 0.514 0.500 97.28
18A | 0.543 0.500 92.08 43A | 0.511 0.500 - 97.85
19A | 0.541 0.500 | 92.42 44A | 0,500 | 0.500 100.00
20A | 0.529 0.500 . 94.51 45A | 0.507 0.500 98.62
21A | 0.530 0.500 94.34 46A | 0.479: | 0.500 104.38
22A | 0.537 0.500 1 93.11 47A | 0,582 5.50 N/A
23A | 0.538 | 0.500 92.94 48A | 5.43 5.43 100.00
24A | 0.531 0.500 94,16 49A | 5.48 5.62 102,55
25A | 0.533 0.47 N/A 50A | 5.47 5.52 100.09
-
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Table 5
TEST 010
Battery 13xYS5S-2NM
S/N YAEL 007
Watt Hour Efficiencies

Cycle Watt Hour Watt Hour Watt Hour
Input Output Efficiency
10A 10.82 - 8.38 77.44
20A 10.34 - 8.22 79.50
30A 26.01 17.90 68.81
40A 10.16 8.21 80.81
46A 9.38 8.67 92.43
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Figure 22, Current on Charge, Test No. 010
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Table 6
TEST 010
Battery 13xYS5S-2NM

. S/N YAEL 007 ,
* Cell Voltages') & Capacity Checks During Float Charge

Month/Year [11/62]12/62] 1/63 6/63|12/63|12/63|1/64|5/64| 6/64| 6/64| 8/64|9/64|9/64 11/64|12/64
Cell No. | T

001 (2) | 1.53 | 1.66 | 1.65|1.68 | 1.75 1.71 | 1.86 1.411.48 1.48 | i‘.46
002 1.54 | 1.66 [1.66 |1.41| 1.42 1.78 | 1.40 1.47)|1.43 |- 149 | 1.68

003 - 1.55 | 1.71 |1.66 {1.50 | 1.65 | ¢ .3 |1.46 [1.44] . .[1.46|1.41 |, .|1.60| 1.64 | ., .

. = Ok O M O N

004 1.56 | 1.67 |1.66 |1.41 | 1.40 | £ F |1.42 144 § 2|1.52) 144 § 2151 | 148 | § 2

005 1.54 | 1.42 {1.42 (170 | 1.40 | O [1.58 [1.44 |5 5| 1.43|1.43 |5 o [1.48 | 1.43 'Sf,j

006 1.54 | 1.66 |1.66 |1.66 | 1.74 «?‘f: 1.70 | 1.87 | 5] 1.92|1.97 | < |1.62 | 1.84 | B

007 1.55 | 1.41 [1.41 (142 | 142 | & o |1.43[1.46|C " (1.42(1.82 (8 1142|148 | T !

) ‘ ! 1 o . i « o [ le) « e)

008 1.55 | 1.66 |1.67 [1.69 ] 1.77 | & T |1.70 |1.60 | & 5/1.98|2.02 | 2% [1.38 | 0.82 | & =

L ; 0 < >

(3 . - |o< O < O <
011" 1,56 | 1.42 [1.42 |1.62 | 1.42 1.41{1.41 1.45 | 1.42 1.40 | 1.44
012 1.57 | 1.41 {1.41 {1.42 | 1.74 1.72 | 1.43 1.5211.41 11.50 | 1.48
013 1.53 | 1.41 |1.42 [1.64] 1.52 1.40 | 1.42 1.46 | 1.40 1,92 | 2.24
~ Current fe——w—1to2 ma,— > 1.0A | 1to2ma. [1.0A} 1to2ma. [1.0A| 1lto2ma.

(1) Total Battery Voltage = 20.2 Volts (1.55 Volts per cell)

(2) After the capacity check on 9/64, Cell 001 charged at less than 1.41 volts mtermlttently
(3) Cells 009 and 010 Not Recorded
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TEST 011

- Test Unit: Battery 5xYS10S-2NM

S/N 002
Test Period: 1962 Total Cycling Time: 2400 Hours
: Number of Cycles: 97 “

" TEST BRIEF

The battery consisted of five, ten ampere hour cells encapsulated in EPON
834 in an aluminum can. Provisions were made to measure individual ceil voli-
ages. Initially, four capacity checks were made, the fourth being a 25°C charge
followed by an overnight stand at -10°C and then discharged al the cold tempera-
ture. All simulated orbital cycling was performed at 25°C in twenty-four hour
periods. A veltage clamp and current limiting was used during charging. In
most cases, all discharges were 2.5 amperes constant current for 0.5 hours.
Battery voltages and currents were recorded. Cell voltages were measured
several times daily, especially at end of charge. ,

On cycle seven (7C), the battery was charged for 120 hours to determine the
degree of cell unbalance. During this time, cell number three of the battery was
at greater than 1.70 volts while the remaining cells were less than 1.45 volts. At
the end of this charge (7C), a pressure gage was installed on cell three to deter-
mine the pressure rise due to cell unbalance during simulated orbital cycling.
Wet life of the cells previous to the test was approximately three months. The
cells had been stored discharged at room temperature. A photograph of the bat-
tery, with the gage installed, is shown in Illustration 2, The dimensions of the
test battery were length 11.4 cm. X width 7.4 c¢r. X height 13.5 cm, The height
dimension does not include the electrical connection or gage. The battery weight
before installation of the gage was 2.21 kg. : :

Cell Design Reference: Appendix A

" Main Project: . Anchored IMP (Lunar) |

Applicable Figure: 24

- Nominal Depth of Discharge: 13%, 100%

72




TEST 011 (Continued)

CYCLING
Cycle(s)!" AHI® AHO) Cycling Parameters  Temperature
Half Cycle(s) o °C
1C and 1D 12,0 10.4 " 350 ma. constant current 25
2C-and 2D 10.5 10.4 charge to 1.50 volts per '
3C and 3D 10.6 10.8 cell average. Discharge
4C 10.8 at 2.3 amperes to less

than 0.95 volts per cell.
4D 9.6  Discharge at 2.45 amperes ~10

‘ “to 0.6 volts per cell average.
5Cand5D 9.8 10,8  Same as1C and 1D, 25
6C and 6D  10.8 16.6 Same as 1C and 1D. 25
7C 11.2 Constant potential éharg‘e ' 25
' -of 1.50 volts per cell cur-

rent limited at 600 ma.

Charge for 120 hours. (3)
7D to 28C - Constant potential charge 25

of 1.50 volts per cell cur-
rent limited at 140 ma,
for 28.5 hours. Discharge
at 2.6 amperes for 0.5 hours.
(1) C = Charge
D = Discharge
(2) AHI - Ampere Hours In
AHO - Ampere Hours Out

(3) After chargé 7C, a pressure gage was installed on cell 03.
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TEST 011 (Continued)

Cyéle(s) AHI AHO Cycling Parameters  Temperature

Half Cycle(s) : °C
28D 10.4 In-c¢cycle capacity check. 25

Discharge at 1.5 amperes
to 0.9 volt per cell.

29C , 10.6 500 ma. constant current 25
charge to 1.55 volts per
cell average.

29D - 97C ‘ Constant potential charge 25
of 1.50 volts per cell cur-
rent limited at 185 ma,. for
23.5 hours. Discharge at
2.5 amperes for 0.5 hours.

97D 10.8 In-cycle capacity check. 25
Discharge at 2.4 amperes
to 0.8 volts par cell.

OBSERVATIONS AND CONCLUSIONS:

1. At -10°C, on cycle four (4D), the battery delivered almost full capacity.
However, the discharge voltage was between 0.95 and 1.0 volts during most of
the discharge and dipped to 0.85 volts at the beginning of discharge. It appears
that the capacity that was not delivered at ~10°C on 4D was delivered on cycle
five (6D).

2 The ampere hour efficiency durmg simulated orbital cycling was equal
to or greater than 94%.

8. As can be seen in figure 24, some pressure was deVeloped in cell num-
ber 8 during simulated orbital cycling. The voltage at end of charge on this cell,
during cycling, was between 1.6 and 1.9 volts. All the remaining cells were be-
tween 1.43 and 1.48 volts. During cycling, the battery current during the last half
of the charge time (~ 10 hrs) was less than two milliamperes.

4. During cycling, there were no indications of cell failure.
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5. During most of the simulated orbital cycling and especially on the last
discharge, the discharge voltage of the battery was flat at 1.07 volts per cell,
i.e., no upper plateau (AgO plateau) was present.

[llustration 2. Battery 5xYS10S-2NM
S/N 002
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Figure 24, Cell Voltage and Pressure During Simulated Orbital Cycling
Test No. 011, Battery 5xYS10S-2NM S/N 002
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TEST 012

Test Unit: Three Single Cells, YSSS-ZNM, With Pressure Gages

S/Ns A,B,C. | ,

‘Test Period: 1961 - 1962 Total Cycling Time: N/A
' Number of Cycles: N/A

Three, five ampere hour cells were individually encapsulated in EPON 834
and pressure gages were mounted on each cell. The pressure gages were
mounted on the fill port of the cells so that an epoxy to metal seal was obtained
between the EPON 834 and the pipe threads on the gage. During the cycling of
silver cadmium batteries with constant potential charging, followed by float
charging of several weeks, it was noted that cells in series tended to unbalance,
For éxample, eleven cells float charged at 1.55 per cell would have a voltage
spread of 1.42 to 1.70 volts after one month of float charge at 25°C. The charge
current during long float charges would be of the order of two milliamperes. A
test was run to determine the magnitude of internal pressure build-up during
float charging. Since these types of silver cadmium cells were negative limited
on charge, if a gas was evolved, it wouid be hydrogen.

Cell Design Reference: Appendix A
Main Project: Early Explorers
Applicable Figure: 25

Nominal Depth at Discharge: 100%
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TEST 012 (Continued)
CYCLING

The cells were given three capacity cycles as follo’wé:

= gycle(s){" /AHI(2) Ano? Cycling Parameters  Temperature
Half Cycle(s) °C
1C and 1D 5.3(avg.) 5.2 300 ma. constant current 25

charge until first cell

reaches 1.55 volts. Dis-
~_charge at 950 ma. constant

current to 0.9 volt/cell

2C and 2D 5.5(avg.) 5.3 Same as 1C and 1D 25
R R & 5.6(avg) Same as 1C | 25
(1) O = Charge

D = Discharge

(2) AHI - Ampere Hours In
i AHO - Ampere Hours Out

; , FLOAT CHARGING

After charge 3C, each cell was float charged at 25°C as follows:

Cell Designation Float Conditions
A | :  Constant potential of 1.50 volts..
B i " Constant potential of 1.55 volts.
C | Current limited at one to two ma. No

voltage control. Maximum voltage of
power supply was five volts.

The pressure characteristics during the three conditions of float charging
are shown in figure 25. During float charging at 1.50 and 1.55 volts, the current
was between one and two milliamperes. The cell voltage of Test Unit C rose to
1.70 volts at 150 days of charge. During most of the charg the voltage of Cell
C was greater than 1.55 volts. o
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TEST 012 (Continued)

OBSERVATIONS AND CONCLUSONS:

‘ 1. At float voltages of 1.50 and 1.55 volts, the internal pressure developed
‘within the cell is far below the burst pressure of the cell case plus the epoxy
encapsulation. The cell without a voltage limit rose to 1.70 volts at the end of
150 days. The reason for the sudden drop in pressure at 35 days was not de-
termined. It is postulated that (1) the cell leaked, (2) hydrogen diffused through
“the case and seals or the hydrogen reacted with silver oxides at low rates (ref. 4)
This pressure rise was of concern since, during orbit, the battery would be re-
quired to float for long periods of time. Since the cell unbalance would occur,

. several solutions to this problem evolved. These solutions will be discussed in

_ other sections of the report.

2 . The cell S/N C was discharged at one ampere after the 150 day float
charge. The discharge curve was essentially flat, i.e., there was no upper

plateau (AgO plateau),
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DESICRATION FLOAT CONDITION SYMBOL
A CONSTANT POTENTIAL _ o
15 VOLTS
B CONSTANT POTENTIAL v
1.5 VOLTS
. CURRENT 1 70 2 MA. 9
NO VOLTAGE LIMIT

| 1 | | L | |

20 40 50 80 100 120 140 160
: ' DAYS ON FLOAT CHARGE '

Figure 25. Pressure vs. Float Charging at 25°C
Test No. 012, Cells YS55-2NM
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TEST 013

Test Unit: Cell YS5685-2NM

S/N 6031
Test Period: 1964 , Total Cycling Time: 200 hours.
Number of cycles: 3
TEST BRIEF

The test unit was a five ampere hour cell encapsulated in EPON 834. A
pressure transducer was mounted to the cell by mounting the transducer on the
cell fill port and forming a seal between the pipe threads and epoxy. The cell
has given two capacity checks at 300 ma. constant current charge followed by
one ampere discharges. On the third cycle, the cell was constant potential
charged with a 1.51 voltage clamp current limited at 300 ma. When the current
was less than ten ma., the charge was changed to three ma. constant current to
determine the resultant pressure rise at this rate. Voltages, currents and pres-
sures were recorded. The test temperature was 25°C. Previous to the test, the
wet life of the cell was six weeks.

Cell Design Reference: Appendix A
Main Project: Explorers
Applicable Figure: 26

Nominal Depth at Discharge: 100%

 CYCLING

The information on the first two cycles was not cdmplete. On the first cycle
the ampere hour capacity at a one ampere discharge was 5.7 Ahr.

The performance of the cell on the charge of the third cycle is shown in fig-

~ure 26. There was no discharge data available following this charge.
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TEST 013 (Continued)
OBSERVATIONS AND CONCLUSIONS:

1. During charge showh in figure 26, the ampere hour capacity delivered to .
the cell was approximately 6.4 Ahr.

2, The voltage peak, that occurs when the charge proceeds from the lower
level (Ag,O plateau) to the higher level (AgO plateau) is shown in the figure,
Note that some depression in the current occurs at this point.

3. Even at this low overcharge rate of three milliamperes, the internal
pressure of the five ampere hour cell rose to over 100 PSIG. The cell was
placed on stand for one week in the charged condition and only a small decrease
in pressure was observed.
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~-- Figure 26. Internal Pressure Rise on Constant Current of 3 ma.
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TEST 014
Test Unit: Cell YS55-2NM
' $/N 1019
Test Period: 1962 Total Cycling Time: 2100 Hours
Number of cycles: 2
TEST BRIEF

The test unit was a five ampere hour cell encapsulated in EPON 834, A
pressure gage was mounted on the cell and sealed to the cell fill port with epoxy.
Initially the cell was given a capacity check, recharged to 1.53 volts and then
overcharged for 85 days at 1.50 volts. During this latter charge, the charge cur-
rent varied between 9.0 and 1.5 ma. During most of the overcharge, the current
was 3.5 ma. At the end of overcharge, the cell was discharged at 935 ma. con-
stant current, "All tests were made at 25°C. Wet life of the cell prior to the test
was approximately nine months.

Cell Design Reference: Appendix A
Main Project: Explorer XIV
Applicable Figures: 27, 28

Nominai Depth of Discharge: 100%
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TEST 014 (Continued)

CYCLING
Cyecle(s)\!) AHI AHO2 Cycling Parameters ~ Temperature
Half Cycle(s) ‘ °C
(3) e
1C and 1D 5.6 5.5 INA 25
2C 5.5 300 ma. constant current 25
' to 1.53 volts. Cell was

continued on charge at

1.50 volts with curient

varied between 1.5 and

9.0 ma. Overcharged for

85 days.
2 R | 7.4 Discharged at constant 25

current of 935 ma.

(1) C = Charge
D = Discharge
(2) AHI - Ampere Hours In
AHO - Ampere Hours Out
(3) INA - Information Not Available

- OBSERVATIONS AND CONCLUSIONS:

1. At a float voltage of 1.50 volts and a current of 3.5 ma. the internal pres-
sure of the cell exceeded 100 PSIG. See figure 27. However, some recombination
does seem to occur. The reason for this recombination was not determined. As
forementioned it could be leakage or diffusion of hydrogen or a low rate recombi-
nation of hydrogen with silver oxides (ref. 4). :

2, Even at these low rates of charge/overcharge, useful capacity is stored -
in the cell. This is shown by the 7.4 Ahr. delivered after an initial charge of 5.5

 Ahr. on charge 2C plus the capacity imparted to the cell during float charging.

3; On discharging the cell after the float charge of 85 days, the discharge
voltage is very flat. See figure 28. Note that there is a slight dip in voltage at
the beginning of discharge. This may be an indication of increased internal

impedance at this point.
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Figure 27. Imternal Pressure Rise, Varying Currents, 15 to 9.0 ma.
Test 014, Cell YS55-2KM
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Figure 28. Voltage on Dischargé at 935 ma.
Test 014, Cell YS58-2NM, S/N 1019
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TEST 015

Test Unity Coll YSSS-ANM

| S/N 875
Tast Poriod: 1968 ' Total Cyaling Time: 600 Hours
- No, of Cyeles: § '

TEST BRIBE

Tha tost wnit was » five ampere howr coll encapaunlated in EPON 834, A pros-
sura transducer was mounted on the cell with a special fitting and the fitting and
pipa thraads of the transiueer wore sealed with epoxy. After four months of
stovage, at 358°C, in the shorted condition the cell was charged at $00 ma. con~
stant current and disehavged at 950 wa, constant curvent, Then the ovell was
shorted on 0.0 ohms overnight followed by a 10 ma, constant aurrent, charge for
approximatoly 600 hours, then discharged at one ampere. Voltage and pressure
was reoorded and ourvent monitored several thwmes datly, The test tewmperature
was 36°Q,

Qall Dosign Refoeroncar Appendix A
Main Projoct: Explovers

Applicable Figuve: 39

Nominal Depth ot Disohavge: 100%
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TEST 015 (Continuad)

OYCLING
Cyola(s){ AHIW? AHO '\ Cyoling Paramoters Temparatura
Half Cyola(s) 0 ,
1C and 1D 6.0 5.6 300 ma. constant ourvent 25
charga until cell reached
1.57 volts. Discharge 950
ma, sonstant currvent to
0.9 volts.
20 B 10 & 1 ma. 3 constant our- a5
rent charge. No voltage
limit
2D 5.2 Discharged at ong ampere a5
' gonstant current to 0.9
volts.

(1) C = Charge

' D = Discharge

(2) AHI - Ampere Howms In
AHO = Ampers Hours Out

(8) Constant current, at this low rate was difficult
to control on equipment used.

OBSERVATIONS AND CONGCLUSIONS:

1. Usoltul capacity was deliverad to the cell when charging a discharged,
five ampere hour cell at 10 ma. constant curyent.

2. At the low ovarcharge rate of 10 ma., gas is evolved in the cell.
Ses figure 29, o g '

3. After the cell was removed from chavge, it was put on ehavged stand fox
several days. Negligible pressure decrease rosulted.
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TEST 016
Test Unit: Battery 18xYS55-2NM
S/N 209
Test Period: 1968 Total Cycling Time: 500 hours.

No. of Cycles: 3
TEST BRIEF

The battery consisted of thirteen, five ampere hour cells in sevies encapsu-
lated in EPON 834. The battery was assembled into two units designated as 24
2B that contained five and eight cells, respectively. This is the battery configu-
ration flown on early Explover satellites. See Illustration 1. After initial capac-

- ity chacks, the battery was charged at low rates, 25 ma. and 50 ma. constant

ourrent, to determine ampere hour input at these rates. After each ciiarge, the
battery was discharged at one ampere constant curvent. Battery voltages and
currants were recovded. All tests wera made at room temperatura. Wet life of
the battery at the begimming of the test was approximately eight months. During
this time, the battery had been stored discharged at room temperature.

Cell Design Reference: Appendix A

 Main Project: Explorer XV, SERB (Study of Enhanced Radiation Belt)

Applicabla‘Fig‘llras: 30, 81

Nominal Depth at Discharge: 100%
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TRST 016 (Continuved)

CYGLING

Initially, the battory was given seversl capacity chaoks. Most of the data
was missing but one discharge showod o battery oapaoity of 5.7 Aly,

Cyola(sit! Anpt AHOW  oyoling parametors Temporaturo
Hall Cycle(s) ~ °Q
4G and 4D 7. 6,5 25 +L ox -0 ma, constant a5 :

ourrent chargo to 1.50 volts
per call. Before charge,
paoh ooll had boon shorted

on 0.5 ohms, Dischavged at
1.0 ampore constant ourront
to loss than 0.9 volts por coll.

B and 5D 6.0 6.1 50 0 ox -2 ma, constant an
ourvent charge to 1.50 volis ~
per coll. Discharged at 1.0
-~ apera to lass than 0.9 volts
por coll.

60 and 6D 5.8 5.7 300 ma. constant curvont a5
‘ : charge to 1,62 volts por
ooll, Discharged at 1.0
ampore to lass than 0.9
volts per cell.

{1) © = Chaxge
D = Discharge

(2) AHI = Ampere Hours In
AHO - Ampere Hours Qut

1



CTEST 016 (Continued) *
OBSERVATIONS AND CONCGLUSIONS:

1. Useful capacity was delivered to the five ampere hour battery at the low
charge ratos of 28 ma, and 50 ma, Thoe ampere hour efficiencies wore 84% and
4%, respootively: The lattor efficlency is usually the value obtained at moderate
ohavge rates (@.g. $00 ma.) Thovefore, from the test, it is concluded that the 50
ma, chaxge rate 18 the lowest rate that ean be uged with a five ampere hour cell
to obtain good amporo hour efficienay.

2 The m\pmity delivered to tha battexy duxing the lower portien (Ag,QO
platann) of the charge aurva is much greater than ohserved at vonstant onrvent
oharging at moderate (.8, 300 ma,) vates. Sea figure §0,

8. The diseharge curves, following the low rate charges, are essentially
flat, 1o, the AgO plateau 1s non-existont. See figure S1. On the normal chavged
discharge of 8C and 8D, following the low rate chavging cyeles, the upper platean
{AgQ platoan) was prosent, '
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Figure 31. Voltage on Discharge, Test (16
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TEST 017

Test Unit: Battery 13xYS55-2NM
S/N YAEL 002

Test Period: 1961 Total Cycling Time: 200 hours
Number of Cycles: 15

N

TEST BRIEF

The battery consisted of thirteen, five ampere hour cells in series encap-
sulated in EPON 834, The battery was assembled into two units designated as 2A
and 2B that contained five and eight cells, respectively. See Illustration 1. Pro-
visions were made so that the cell voltage could be measured individually at a
test connection. This is the battery configuration flown on early Explorer satel-
lites. During testing of the battery, recorders were used to measure the incre-
mental voltage rise of the individual cells during the transition period from the
lower charge plateau (Ag,O plateau) to the upper charge plateau (AgO plateaun).
Also, the current during this transition period was recorded. Tests were run
at 25°C, 0°C and -10°C. For most of the tests, the current limit of the charger
was set at 300 ma. but one test at -10°C was run with the current limit set at
650 ma, The battery was charged to a three ampere hour input then discharged
to less than 0.9 volt per cell overage.

Cell Design Reference: Appendix A
Main Project: General Testing

Applicable Figures: 32, 33

Nominal Depth at Discharge: N/A

CYCLING

Cycling was performed as described in the test brief. Twelve cycles were
run at 25°C, one cycle at 0°C and one cyele at ~10°C. Discharges between ,
charges were performed at 1.5 amperes average on a constant resistance. All
“discharges were performed at room temperature.
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TEST 017 (Continued)
OBSERVATION AND CONCLUSIONS:
Tests At 25°C

As can be seen in figure 32, the individual cells rise approximately 0.3 volts
in a stepwise order. Timing of the rise of the cell is random, occasionally two
cells rige at the same time. Also, during the twelve cycles run at 25°C, the order
of the rise did not remain the same, e.g., if cell 2, rose first on the first cycle,
it may be the fifth or last cell to rise on the following cycles. Later on during
the battery program it was concluded that the order of rise of individual cells,
during thie transition period, could not be used as a basis for cell selection. One
problem that is associated with battery charging as a result of this transition
phenomena is that if a battery voltage cut off is used, there is a good probability
that the battery will be removed from charge at the end of the transition period.
In the example shown in figure 32, if the battery cut off was set at 19.5 volts
(1.50 volts per cell) the battery would cut off at the end of the transition period.
There is a good probability that two cells could rise simultaneously at the end
of the transition period thereby causing the total battery voltage to rise over
twenty volts., The transition period can also be troublesome during charging
where individual cell sensing is used to remove cells from the charging circuit
(e.g. formation cycling) ox to remove the battery fron: the charging circuit when
the first cell reaches a preset voltage (e.g. 1.50 volts). In either case, timers
can be used so that the cell sense circuit is not operational until greater than
50% of the nominal ox actual capacity is delivered to the cells or battery. At
25°C, the total time of the transition period, at moderate current rates, is 0.75
hours or less.

As shown in figure 33, at times, during constant potential charging, the
charge current dips at the end of the battery voltage transition pexiod. The mag-
nitude of the dip appears to depend on the number of cells that rise simultaneously
at the end of the transition period. It has also been observed, in other tests, that
the magnitude of the current dip depends on the value of the current limit. The
condition where two or more cells rise simultaneously coupled with high current
limits (e.g. 1.5 amperes for a five ampere hour cell) results in a greater cur-
rent dip.

Tests at 0°C and -10°C

At low temperatures, the individual ‘voltage rise of each cell can bébetween
0.4 and 0.5 volts. This appears to be related to the currvent limit, i.e,, at moderate
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TEST 017 (Continued)

currents, e.g. 300 ma., the cells rise approximate 0.4 volts and at high current
limits, e.g. 650 ma., the rise may be closer to 0.5 volts. This phenomena can
result in very high battery voltages at the end of the transition period, especially
if two or more cells rise at the same time. For example, at -10°C with the cur-
rent limit set at 650 ma., the battery voltage at the end of a transition period
exceeded 22.0 volts. At low temperatures the same problems with cell voltage
sensing and battery voitage sensing would occur. One additional problem that
oceurs due to the voltage transition of low temperatures is the decrease in charg-

“ing current when a battery voltage clamp is used as in constant potential charging.

As can be seen in figure 33, the charge current dips quite low and, depending on
how many cells rise simultaneously at the end of the transition period, this cur-
rent dip can approach zero. Usually at low temperatures, the total time of the
transition period is greater than 0.75 hours. ' :
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BATTERY VOLTAGE

20

18—
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HOURS ON CHARGE (NOTE SCALE CHANGE)

Figuré 32. Voltage Rise of Cells in a Battery During the Transition Period
Test No. 017, Battery 13xYS5-2NM, S/N YAEL 002
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Test No. 017, Battery 13xYS58-2NM, S/N YAEL 002
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TEST 018
~Test Unit; Battory 13xYS3S-1NM
S/N 001
Test Pexiod: 1962 | Total Cyeling Time: 2600 hours

Numbeaxr of Cyolas: 102
TEST BRIBE

The battexy consisted of thirteen, thraa ampere hour cells in series, Kach
cell was encapsulated in EPON 884, Simulated orbital cycling was done at 25°C
to 28°C in twanty-four orbits with w 0.5 hour discharge. A voltage elamp and
ourrent limiting were used daring oyeling. The nominal discharge vurrents ware
900 ma. Constant rosistance discharges wore used, The discharpe cwrvents ve-
ported are avorages. During oyoling total battery voltages and ourrents were
recoxded for all oyeles and end of charge voltages monitored for most of the
oyales. All ourvent ocurves were integrated. During the cyele program, an analy-
sis of the rate of decay of the upper plateau (AgO platean) on discharge was
performed.

- Cell Design Reforonce: Appendix A
Main Project: Explover XV
Applioable Figure: S

Nominal Depth at Discharge: 16%
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TEST 018 (Continued)

CYCLING
Cycle(s)“‘) AHI(Z) AHO?) Cycling Parameters = Temperature
Half Cycle(s) - °C
1C and 1D 3.2 3.1 200 Ma. constant current 25
2C and 2D 3.2 3.1 . -charge to 1.55 volts per to
3C and 3D 3.4 3.4 cell average, Discharge 28
4C 3.4 at 400 ma. to less than
‘ 0.9 volts per cell average.
4D to 101D ; Constaunt potential charge 27
E at 1.50 volts per cell cur-:
rent limited at 195 ma, for
23.5 hours. Discharge at
800 ma. for 0.5 hours.
102C ' ~ Constant potential charge 27
: ' at 1.50 volts per cell cur-
rent limited at 195 ma. for
110 hours.
102D ; 2.7 Discharge at 880 ma. to 25
e ’ less than 0.9 volts per cell

average.

(1) C = Charge
D = Discharge

(2) AHI - Ampere Hours In
AHO - Ampere Hours Out
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THST 018 (Conttnued)
OBSERVATIONS AND CONCLUSIONS:

1. During simulatod, oxbital ayulmg‘ the ¢ A’GJ?:\{-‘,Q *\mpom hour am@mmy
was groatexr than 94%.

2, During stmulated mmml ayoling, one cell pursismntly charged at the
1.7 to 1.8 lovel whon the sharge curvent decressed to a low value (=8 ma.).
Howavar, theve wore no indioations of cell failure.

3. The uppox v‘alt;ag;c:. Pataan (A0 platoaw) on discharge dosroased with
stimulated orbital eyoling. ‘The rate of decay of this platoau is shown in figure
34, After 70 sinwlated ovbital eyoles, the dischavge voltage curves are essan-
tally Bat, On the last disohaxge (103D), aver 92% of the battery capacity was
delivored at 1.07 volts poxr oell. :

4, During the 110 bour charge (L02€), three of the vells wers abova L.71
volts while the remaining cells wore botweon 141 and 142 volts. This unbalance
condition coourred aftor 20 hours of chavge when the curvent was logs than 2 ma,

and continied for the remalning 90 hours of charge.
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‘DURING CYCLING
18
7 :V
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TEST 018 BATTERY 13XYS35-INM S/N 001
- TEMPERATURE 26 £ 2°C
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VOLTAGE ~ Ag 0 PLATEAU

20 30 : 40 50 60 . 70 80 a0 ©o0a
NUMBER OF SIMULATED ORBITAL CYCLES \

Figure 34. Rate of Decay of U‘ppei‘ Plateau (AgO Plateau) on Discharge During
‘ Simulated Orbital Cycling, Test 018, Battery 13xYS3S-1NM, S/N 001



TEST 019 (A thru E)
Several Test Batteries

TEST BRIEF

In addition to Tests 005 and 010, several charged stand and float charge tests
were performed on batteries of various ampere hour capacities and cell designs.

All batteries were comprised of cells sealed in EPON epoxy. The test pro-
cedures ave tabulated in Table 7 and applicable figures are jlxcltxded in figure 35,
After the charged stand tests and the following discharges were completed, some

of the batteries were given an additional capacity check to determine the condi-
tion of the battexy. :

Cell Design Reference: Appendix A
Main Project: General Tests

Applicable Figfurei 35

Nominal Depth at Discharge: 100%




TEST 019 (A thru E) (Continued)
CYCLING

1. Several batteries were charged and put on stand or float charge for var-
ious periods of time at room temperature and 40°C. Information as to the method -
of charge, ampere hour capacity inputs, ampere hour output after the charged
stand or float charge are given in Table 7. Data was available on three of the
batteries that were given a capacity check after the storage tests were completed.
These data are shown below. The test numbers refer to the data given in Table 7.

Test A1 AnOW Cycling Parameters Temperature
Number °Q
019B 10.5 INA(2) Constant potential charged 25

at 1.51 volts per cell cur-
rent limited at 500 ma.
Charge cut-off at current
of 100 ma. ‘

i L
+019D 4.9

(47}
(=)

300 ma. constant current 27
charge to 1.54 volts per :
cell average. Discharge

at 1.0 ampere to 0.90 volts

per cell.

019E 7.5 7.5 500 ma. constant current 217
: : : charge to 1.51 volts per

cell average. Discharge

at 2.0 amperes to 0.85 volts

per cell.

(1) AHI - Ampere Hours In

AHO - Ampere Hours Qut
(2) Information Not Available. Equipment failure
-~ .ruptured the battery. - o
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Table 7
TESTS 019 (A - E)
Charged Stand and Float Charge

Test Number and

Battery Desighation °

Initial Charge

Stand Conditions

Discharge After
Stand

019A
13xYS5S-2NM
S/N 003

. 019B
10xXYS10S-4NM

019C
10xYS208-3NM

019D
13XYS55-2NM
S$/N 208

019E -
13xYS10S-NM (3!
S/N 4-13

300 ma. constant current
to 1.55 volts per cell’
average at 25°C,

AHI =55

Constant potential
charged at 1.51 volts

per cell, current limited
at 500 ma. Charge cut-
off at current of 100 ma.,
26°C. AHI=10.8

1.0 ampere constant cur-
rent to 1,56 volts per cell
average at 26°C,

AHI = 20,2

350 ma, constant current

to 1.54 volts per cell
average at 25°C.
AHI = 6.0

500 ma. constant current

- to 1.52 volts per cell

average at 27°C.

AHMI= 9.3 Ahr,

10 weeks at 40°C.

0.5 years on float
charge of 1.41 volts
per cell at room
temperature,

1.2 years at room
temperature.

1.2 years at room

temperature.

1.8 years at room:
temperature

950 ma. constant
current to 0.93
volts per cell at
26°C. AHO? =4.9

4,0 amperes constant
current to 0,95 volts
per cell at 25°C,
AHO = 10.9

5.0 amperes constant
current to 0,90 volts
per cell at 282C.
AHO = 13.1

1.0 ampere constant
current to 0.95 volts
per cell at 27°C.
AHO = 4.5

2.0 amperes constant
current to 0.85 volts
per cell,

(1) AHI - Ampere Hours In
(2)  AHO - Ampere Hours Qut ,
(3) Design Drawing Numbeyr Not Available
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TEST 019 (A thru E) (Continued)
OBSDRVATIONb AND CONCLUSIONS

1. Capacity maintenance on charged stand at room temperature is consid-
ered superior to most secondary electrochemical systoms. This is partioularly
true with respact to the uniformity of capacity maintenance on a cell basis. Al-
~ though little data was available on individual cells on discharge, the data does
show that thera was no wide dispersion of cell voltages during discharge:and at
the end of discharge.

- 2. Float charging at 1.41 volts is the charge voltaga used in orbit during
long sunlight periods. Since 1.41 volts is essentially the open civeouit value of
charged cells, tha cells do not unbalance at this charge voltage. Therefore, no
gas avolution will oocur. During the float charge, intermittent current maasure-
monts showed that the charge current was lass than one milliamperae.

8. As shown by the oapacity checks after the charged stands and float charge,
there was no major deterioration of the batteries as a result of storage at room
temperatura. Since the cells in each battery were uniform in ampere hour capac-
ity on the capacity check dischar g,e, it was§ concluded that inteanal cell shoxrting
did not ocour.

4, Complete cell design information was not available on Battexy 10xYS208-
SNM used in tast 019C. However the main separator system, viewed from the
positiva plate, was ona layer of woven nylon, two layexrs of polyvinyl alcohol (FVA)
membrane and two layers of silver troated vellophane (C19). The separator sys-
tem of the battery used in test 019D, viewed from the positive plate, was two
layers of woven nylon, five layers of C19, and one layer of woven nylon. As
~ ghown on Table 7, the {ive layors of C19 resulted in battm capacity maintenance

than the PVA/’ o] LQ eombination.

5. Afters’tomga, the discharge curves are essentially flat. See figure 35.
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BATTERY VOLTAGE

12

{{/ .
"
DISCHARGE AFTER 10 WEEKS GHARGED
13— STAND AT 46°C ‘
TEST 019A
~BATTERY 13xY§65-2NM S/N 003
12— TEMPERATURE 26°C 4
GUBHENT » 350 MA, CONSTANT CURRENT
183 ” I g ‘
: | 1 L 4 | ]
[ -
i DISCHARGE AFTER 6 MONTHS FLOAT CHARGE
AT 1.41 VOLTS PER CELL AT ROOM TEMP,
TEST 019 8
N BATTERY 10XYS108 - 4NM
foer TEMPERATURE 25°C
W0
CURRENT = 4.0 AMPERES CONSTANT GURRENT
| ] 1 | | |
1 DISCHARGE AFTER 1.8 YEARS CHARGED
' o STAND AT ROOM YEMPERATURE
R TESTOI9E )
N BATTERY 13XYS 108 - NM
TEMPERATURE 27°C
12
! - GURRENT = 2,0 AMPERES, CONSTANT CURRENT
" - _ , )
! | l | | | L
3

50 100 150 200 250 a0

MINUTES DN DISGHARGE

Figure 35. Dischar‘ge Characteristics of Batterieé'
After Various Storage Periods
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T

, Test Unit: Battery 13xYS11S-NM(TA)\Y

S/N IMP-03
Test Period: 1965 N Total Cycling Time: 300 hours
R ' Number of Cycles: 13
TEST BRIEF

~ dividual cells could be monitored at a test connector. The battery case was

-is: similar to the design flown on most of the spacecraft after 1964, However,

: fiarmine the following character 1stlcs.

In the following discussion, the ferm lock-out voltage and turn-on voltage will

“Project: Anchor Interplanetory Monitoring Platform (AIMP)

TEST 020

- The battery consisted of thirteen, eleven ampere hour cells in series en-
capsulated in a mixture of EPON resins. Provisions were made so that the in-

made of magnesium. A photograph of the battery is shown in Illustration 3. This

later batteries utilized fourteen cells in series and contained heaters to maintain
the battery at constant temperature. - The battery was subjected to tests to de-

1, The effect of constant pm.entlal charging of 1.51 volts per cell at high
current limits.

2. ?I‘he effect of temperature on 1 above, and

3. ’i‘he capacity and voltage characteristics of the battery at low tempera-
ture when charged at a constant potential of 1.51 volts per cell with
moderate current limits (500 ma.). !

be uséd. These are defined as follows:

‘ 1 Locl\—out Voltage: During long eliptical orbits, during the course of a ‘ H
year, a satellite enters shadow periods of several hours, i.e., three to
six hours. During these shadows, it was not possible to prov1de battery
power to maintain full operation since the size and weight of the battery

i
i

C;eil Design Reference: Appendix A

Applizable Figures: 36, 37, 38, 39, 40, 41, 42
Ncominal Depth at Discharge: 100%

(1) Design Drawing Number Not Available
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TEST 020 (Continued)

would be excessive. Therefore, during these long shadow peviods the
ba:ttery‘ would be discharged to a lock-out voltage. This was a voltage
value at which cell reversal would be unlikely. This voltage was 0.92
vqlts per cell. As long as just thirteen cells were in series, the lock-

; vm]lt would sense one cell going to zero volts as long as the voltage of the

remaining cells were on the knee of the discharge curve (=1.0 volts at
moderate temperatures.) In order to actomplish this wniformity the

-~ Goddard Space Flight Centexr (GSFC) personmel and the personnel from

‘ the cell manufacturer instituted hi-rel type quality and material control

pfmcedmes in production. The results of this cooverative effort ave

- shown in a typical cell process and material control specification as
- shown in ref. 1. -

: »2.'

i\n‘n—-on Voltage: In some of the Explorer Satellites flown between 1965

to 1969, a turn-on voltage was used when g long shadow occurred and the
satellite entered sunlight. Initially on entry, the total power from the
array was used for charging the battery during the formation of Ag,O0.
During the transition period of the lower charge plateau (Ag,0 plateau) to
the upper plateau (AgO plateau), the voltage has a positive slope from a
nominal 1.2 volts per cell to a nominal 1.5 volts per cell. The turn-on

: voltaga, the voltage when the satellite experiments were turned on and
- the battevry had to share power, was approximately 1.36 volts per cell.

“During this test period in 1965, investigations were also made to deter-

mine if timers would be useful to time the battery charge for a period of
four or eight hours. The timer method would be used in lisu of the turn-
on voltage method. In actual practice, the turn-on voltage method was
used.. However, this information, i.e., charging for! four to eight hours

2 at coustmlt potential wiﬂx high current lnnitb is sho\vn “101 infommtmn. ,

a1




[llustration 3. Battery 13xYS11S-NM (TA)
S/N IMP-03
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_ TERST 020 (Continved)
QYCLING

, The oyoling tests 2o bhest desoxtbed from an internal mema (el 7) fvom
‘which excerpts are presented with applicable Tigures 36, 8%, 58, 89, 40, 41, 48,
and table 8, i

"At the request of the Anchox IMP Project Qifice, n speelal test program
was initiated to detoymine the ohavge voltage choracterigtios of the 11 Ahw,
silver aadmium battevy so that an optimum threshold voltage could ba
gseleated to detorming when the spaceoralt could turn on after an undexrs ,
valtage (look=ott) condition, In addition, this test program yielded valuable
information of the battery discharge perdormance, both capaolty and nomi=
nal voltage levels, aver a tempoeratuve range. of =209C to +7°¢, The oolls
used for this test wem the "t*\l\" LLAR Qe\l% and they wera "flooded" with
eleotrolyte, ‘

The silver eadmivm hattery 18 uique ta the sense that it oxhibits two dis=
tinot chavge levels that ave vepragented eleotrochemioally as silver mons
oxide {(Ago0) and silver peroxide (AgQ). At room temperaturve the nominal
charge voltages ave 1.8 volts per coll for the Ap,O lavel and 1.5 velts per
cell for the AgQO level, The transttion from the AgO to AgO lovel ceours
at room temperature from 18% to 40% recharge depending on the charge
vate and tomporvature, The Anchor TMP integration team has suggosted

~utilizing this electrochemical oharacteristie of the silver cadminm battony
‘mmi.nmfxi:ma the l.cs,o\ia@utg Hme of the sgaam;a:ex;t‘&

Tig, 86 1 {lnsteates the ohm‘a‘e voltzxg‘a 19\!@1% and transition rogions at cons
stant ourvent vates of 2.0, 4.0, and 6.0 amperes ot 37°C. These values are
- plotted againat mnpm‘ewhour capnolty and percent rechavge, A dotted line
veprosenting the tentative 17,71 volt threshold 18 drawn for velative oom=
_ paxvison of percent recharge for 0.5, 8,0, 4.0, and 6,0 amps charge. Mg, 8%
~oand 88 illustrate similar information at 0°C and m}() ¢, Table 8§ pives o ,
GOumTNQn of ampere-hour recharge for the 17,7 (M volt tuen-on mode, a ; i
four hour look-out period, and eight hour look-out period, In Fig. 89, 40g o
. and 41 ave plotted the nominal oharge curvent acoeptance values of the bat=
L tery at 19,6 ) volts for fewperatures of 37°C, 0°¢, and =20°C, respoctively.
S In Fg. 4R ave Musteated the battery disehavge voltage proftles for temporas
haves of =20°¢, 0°@, and 87°C, Previous to these discharges the Lattory was
~chavged at a constant potential of 1,61 volts per cell puxvent Uy ited at 800
o ma, The batterdies were charvged ab the same temporature that they wore :
diﬁQh‘\Tgad‘ 4\ dottezd Tine vemmanﬁ\\g the 134—\*()’& lg:ukmmm value is Ulustratod,
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TEST 020 (Continued)

The initial selection of a 17.7{" volt threshold is considered a good choice
for all temperature ranges and current rates tested with the exception of the

6-amp charge at ~20°C where the initial charge voltage is 18.5 53} yolts, The
choice of 12.04 volts for the undervoltage lock-out point is considered a
good value for the temperature range of -20°C to +27°G."

(1) 1. 36 volts per cell
{2) 1.51 volts per cell
(3) 1.41 volts per cell
(4) 0.92 volts per cell

Author's Note

OBSERVATIONS AND CONGLUSIONS:

1. A caution to the reader as to the data and information on this type of cell.
This cell was originally designed to accept higher rates of chmge and deliver
higher rates of dischavge than cells of similar physical and ampere hour size.
In comparing the design of this cell (¥YS-11) with a comparable cell (YS-10), the
latter cell had foux positive plates and five negative plates while the ¥S-11 cell
had six positive plates and seven negative plates. The height and width of the
plates wera approximately the same while the thickness of the YS-10 cell plates
was greater than the YS-11 plates. TFor further information on these cells, see
Appendix A.

2. The percent capacities qt 10 W tempel atmas based on the room tempera—
ture capacity at 27°C, were as follows: '

Temperature Percent Ampere Houxr Capacity

°C Based on 27°C Capacity
car | 100%
-20 51%

Higher cold temperature capacities could be obtained by using a voltage clamp
greater than 1.51 volts per cell. However, at this time in the overall program,
1.51 volis pex cell on charge had been selected as the operational voltage chmp
over the temperature range of -20°C to 4;0 C.

3. At 27°C, the ampere hours clahv&recl to the battery on the lower charge

plateau (Ag,0 pl-xteau) increases as the current limit is decreased. See ngums
36 and 89. (See also test 016, this Section of the Raport) :
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TEST 020 (Continued)

4. 'The percent of nominal ampere hour capacity delivered to the battery at
the various current limits at temperatures of 0°C and 27°C and on the lower
plateau (Ag,O plateau) was adequate for mission requirements. See figures 36
and 37. The lower charge plateau (Ag,0 plateau) is essentially non-o\xstuxt at
the low temperature of -20°C. See figure 38. :

{ﬁ 5. As would be expected, the average charging current delivered to the bat-
: tery after the 1.51 voltage clamp is reached decreases with decleasing tempera-
.z};ture. Sea fxgures 39, 40 and 41.

M | 6. On Table 8, the data for ampere hours delivered to the battery to the

1.36 volt per cell turn-on voltage and the ampere hour capacity delivered when
the four and ‘eight hour timers were used, is summarized.
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Table 8

TEST 020

Battery 13xYS11S-NM S/N IMP 003

e ooy e . st DA

Battery Charge Capacity at 1. 36 Volts Per Cell and for 4 Hours and Eight Hours

Chargc? C'urrent Charg(? V.oltage | Ampere Hours In To | Ampere Hours | Ampere Hours | Temperature
Limit Limnit 1.36 Volts Per Cell In - 4 Hours In - 8 Hours °C
- Amperes Volts Per Cell ' ‘ ,
2.0 1.51 3.1 5.7 7.9 27
4.0 2.2 5.4 8.2 27
6.0 1.7 5.3 8.1 27
2.0 3.2 - 4.7 6.8 0
4.0 2.6 4.7 6.4 0
6.0 2.1 4.6 6.3 0
2.0 21 2.8 3.8 -20
4.0 v 1.6 2.8 3.4 ~20
6.0 1.51 0.8 — - -20




TEST 021

Test Unit: Cell YS38-2NM

S/N 092 G8
Test Period: August, 1971 Total Cyecling Time: N/A
: Number of cycles: 1

TEST BRIEF

The test unit consisted of a three ampere hour cell with a pressure trans-
ducer mounted on the fill port. The cell was not encapsulated. There was no
data on previous cycling of the cell but it appeared that the cell was an extra unit
from a formation lot. Before the initiation of a one ampere reverse current, the
cell had been discharged. Cell voltage and pressure were recorded and the one
ampere raverse current was monitored on a 50 mv. shunt,
Cell Design Reference: Appendix A
Main Project: General Testing

Applicable Figure: 43

Nominal Depth of Discharge: N/A

CYCLING

The discharged cell was reversed at one ampere until an internal pressure
rise resulted. The test temperature was 23°C.

OBSERVATIONS AND CONGLUSIONS:

1. An internal pressure rise of the cell was observed after 0.16 ampere
hours was delivered to the cell in reverse. The voltage of the cell at this time
was approximately -1.0 volts. See figure 43.

2. The decay voltage of the cell, after the reversal current was removed,
is similaxr to the normal discharge voltage of a silver cadmium cell. This may
be due to the fact that the silver electrode contains 10% by weight of GdO and the
cadmium electrode contains 5% of silver powder plus a silver grid.
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TEST 021 (Continued)

3. The reversal voltage at which the cell stabilized after sixteen minutes
of test was monitored for a few minutes. However, during the overall program,
it was observed, that if a five ampere hour cell was reversed for several tenths
of an ampere hour, it would maintain a low value (~0.1) of vegative voltage for
several weeks. ‘

4. Some information was found that shdwed that a five ampere hour cell had
been reversed at 27 ma. for six hours and twelve minutes before an internal pres-

sure rise was initiated. This would have resulted in a 0,17 ampere hour reversal.

No curves were available.

NOTE: The reversal of cells in a battery causes the individual cells to exhibit
unique characteristics quite different from a single cell reversal. In-
formation on a reversal of cells in a battery, during discharge on a con-
verter load, is shown in Section IV,
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Figure 43. Voltage and Pressure Characteristics of a Three Ampere Hour Cell
on 1.0 Ampere Reversal, Test No. 021, Cell ¥S3S-2NM, S/N 092G8
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- TEST 022

Pest Unit: 10xYS11S-3NM(sh)

S/Ns 001 and 002

Test Pexiod: 1966 Total Cyoling Time: 100 hours
Number of Cycles: 38 each

TEST BRIEF

Each battery consisted of ten, eleven ampeve hour cells in series. Each cell
was individually encapsulated in EPON 884. This size coll was not used in the
flight mission, it was designed for a change in mechanical design of the
satellite struoture. The cells were formed and sealad at GSFC. Twanty vented
cells ware formed in series and were selected, based on ampere hour capnaity,
to fabrioate two, ten cell batteries, S/Ns 001 and 002. Battery S/N 0601 had very
closely matehed cells. The batteries were stored discharged for saven months
at room tamperature. After seven months, two capacity cycles were parformed
on the cells. All cycling was done at room tamperature.

Cell Design Reference: Appendix A
Projeat: Inteirplmmt;’*a}y Monitoring Platiorn

Applicable Flgure: ‘,‘fi\]'one

Nominal Depth of Dischaxge: 100%

e
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TEST 022 (Continued)

CYCLING
Cyole(s)! Aug (2 AHO'). Cyeling Parameters
Half Cycle(s) (All fests at room temperature)
‘Fourth For- 12,00 11.89 Tweuty cells were formed. 650 ma,
mation Cycle,  (Aver- (Aver-  constant currvent charvge to 1.58 volts,
Cells Vented age) age) each cell. Discharged at 3.0 amperes
' to 0.80 volts, each cell.
), o -
S R 10 and 1D S/N 001 10.17 687 ma. constant current to 1.55 volts
< 11.7 per cell average. Discharge at 2.75
= S/N 002 10.00 amperes to 0.8 volts, first cell.
_ ; ; 11.0
/ : 2C and 2D S/N 001 11.62 687 ma. constant curvent to 1.55 volts
: 11.51 (Aver-  per cell average. Note: Battery S/N
age) 002 was removed from charge when the

first eell reached 1.55 volts. Discharge
at 2,76 ampeaves to 0.80 volts each cell.
Note: Battery S/N 002 was removed
from discharge at 0.86 volts per cell
avaragea. ‘

Al e I AL R S
B e sy

(1) C = Charge
D= Discharge

(2) AHI - Ampevre Hours In
AHO - Ampere Hours Out

OBSERVATIONS AND CONGCLUSIONS:

: L. Except for a small amount of loss of ampere hour capacity, thare was no
3 deterioration of the cells during the seven month discharged storage at room
' temperature. :

2, Tsble 7 shows the benefits of g pood quality control and accurate formation
procedures on cell matching with lG“ﬂldb to cell capacity, maintenance of cell
capacity during storage, charge voltages and uniformity of cell discharge voltage.
Battery S/N 001, which contained cells that were matched within 1% by ampere
hour capacity on the fourth formation ecycle, mmntained close capacity and uni-
form voltage parameters after storage.

"y
L
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Table 9
TEST 022

Cell Formation Capacities and Capacities After Storage
Batteries 10xYS11-3NM(sh) S/Ns 001 and 002

| Formation Cycle

Cell Formation

Cell Capacity

End of Charge and

End of Charge and

Cell Number Capacity After Storage Discharge Voltages | Discharge Voltages
T Ahr. ‘ Cycle 2D Battery S/N 001 Battery S/N 002
S/N 001 | S/N 002 {8/ 001 | | 8/X 002 | Cycle 2C | Cycle 2D {Cycle 2C | Cycle 2D
3 11.91 |Max. 1168 |Max. 155 g 2 |
6 11.84 | 11.49 |Min. 1.56 2
S 7 11.84 11.68 | ! 1.56 o
z 8 11.88 11.63 1.56 25
B9 11.84 11.65 155 | 2 8%
2 10 11.88 | 11.62 155 | e 27
2 14 11.89 | 11.68 1.55 m g0
g 15 11.85 11.68 1.55 T =
18 11.86 11.68 1.55 = 2
20 11.83 |Min 11.49 1.55 < T
1 i 11.79 o ED 1.53 0.87
o2 12.08 Sz 152 | 0.89
S 4 11.72 | Min. = 1.55 0.91
z 5 11.72 520 1.53 0.84
@ 11 12.24 | Max. =% 5 1.54 0.88
B 12 11.72 — = F 1.55 0.82
2 13 11.92 D22 1.53 0.88
2 16 12.19 2z 1.53 0.87
oAt 12.03 K 1.52 0.88
19 11.79 3 1.54 0.80%
Average —» 11.86 | 0 11.92 | 11.62 11.1 1.55 1.53 0.86

#*Battery S/N 002 Cut-Off when this Cell Reached 0.80 Volts




TEST 023

Taest Units: Batteries 13xYS5S8-2NM
S/N 009 and 8/N 010

Test Period: 1965 Total Cycling Time: 200 Hours
Number of cycles: 20

TEST BRIEF

Each battery consisted of thirteen, five ampere hour cells in series encap-
sulated in BPON 834. The batteries were tosted in parellel, with diode isolation
on charge and discharge, as shown in the cireuit diagram in figure 44. Most of
the simulated orbital eycling was at 27°C in ten hour oxbits with a one hour dis-
charge time. A voltage clamp and current limit were used during charging. The

total constant current on discharge delivered by the two batteries was 2.5 to 3.6
amperes. Wet life of the battery at the begimning of test was less than six months.

© Cell Desien Reference: Appendix A
Main Project: Development

- Applicable Figuves: 44, 45, 46, 47

Nominal Depth of Discharge (per bzitter,sr): 27% to 36%

CYCLING

Cyclke(s)“k) AHI @ Ano2 Cycling Parameters (All tests of 26°C
- Half Cycle(s) : to 27°C) '

1ICand 1D 5.6(009)

5.5(009) Constant potential chm‘ge at 1.50 volts
6.1(010) 5.6

010) per cell average current limited at 2.0

amperes for 15.0 hours. Discharge at

2.5 amperes to less than 0.9 volts per
~cell average, each battery

(1) C=Chavge
D = Discharge
(2) AW - Ampere Hours In {Numbers in () refer to

AHO - Ampere Howrs Qut | battery serial numbers:
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TEST 023 (Continuod)

Cywelo(s) AR AHQ Cyoling Pavamotors (ALl tosts of 25°C

Hall Cyole(s) ‘ to 2A7TG)
a¢ 5.5¢009  Sama as 10

- B.8(010) .
D L7000 ¢ Jastant current discharge at 2.8 am-

LaAQQL0)  pores tor 1,15 hours.

3¢ 1.5¢009) Constant potential ehargoe at 1,50 volts
' L3y per cell averago cuwrerent Hmited at 1.0

ampore for nine hours,

3D L7000  Constant ourront discharge abt 8,6 am-
L0010 pexres for 1.0 hours.

4Q 2.2(009) Same as 3¢,
1.9¢010)
4D 1.7(000)  Constant ourvent discharge at 2,8 am=

1,27010)  pores for 1.0 hours,

50 C O Lak{ony) o Sanw as SQ.
1.1(010) |
510 1.8(009)  Constant current dischavge at 2.9 am-

1.2{010)  peres for 1.0 houvs,

6 1.8(00Y) Same as S0
| 1,8(010) '

Information betweon 6D and 20€ s Incomplete

200D : Saﬁ(t)()&) Congtant curvent discharge at 2.6 ame-
BoH0L0)  peves to 0.0 volts por vell average, each
Dattery, : ‘

Provious to oyole 12, tho two batterfos were wnbalaneed, i.e., 1.5 ampere hours

were romaved from battory /N 000 and no capaotty was removed from /N 010,
Thon the two battevtes were charged in paprallel and as seen in figure 44, Foxr o
‘short time battory 8/N 010 gharged 0098, Duetng the chavge, the diodes shown in



fig. 44 were shorted. As can be seen on the last discharge (20D), the two bat-
teries had equalized in capacity during the cycles following cycle 12.

OBSERVATIONS AND CONCLUSIONS:

1. On these short term tests, the batteries could be operated in parallel and
the ampere hour capacity returned to each battexy even though there was no
aqualization of capacity during each charge and discharge. Egqualization of the
battery capacities would occur, after eight eycles, even though the capacity of
the two batteries were purposely unbalanced by 1.5 ampere hours, T igures 45,
46 and 47 ave typical chavge and discharge curves fov this tost

, 2. Some data was located, on two, five cell, twelve ampere hour batteries
that were operated in parallel for 1.5 years. These batteries were run in a ten
hour orbital period with a-one hour discharge time. Discharge current was 6.0
ampaeres for the two batteries. Charging was constant potential at 1.50 volts pex
cell average current lmited at 2.4 amperes. A capacity check, made at 85 oycles,
showed each battery to have greater than 4.5 ampere hours. On cycle 1310, the
last eycle, the capacities were 2.8 and 8.5 ampere hours. This latter test was
pexformed by the Naval Waapons Support Center, Crane, Indiana. ~
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Figure 45. Parallel Operation of Silver Cadmium Batteries at 27°C
Test 023, Batteries 13xYS5S-2NM, S/N 009 and S/N 010
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SECTION III
LONG TERM TESTS

This Section. of the Report includes data and information related to long term
cycling and eycling to failure of sealed silver cadmium batteries. All tests ware
performed at the Naval Weapons Support Center (NWSC) in Crane, Indiana, All
test units were comprised of silver cadmium cells manufactured by the Yardney
Electric Company. Automatic oycling, or simulated orbital cycling, reported in
this Section is based on orbit times betwean 3.7 hours and 96 hours. Usually the
design requirement for life in orbit was one year. However, since some satel-
lites were monitored for greater than a year, the cycle tests were run to failure.
Failure was the inability of the battery, or any of the cells, to daliver the nomi-
nal depth of discharge defined by the test plan. Qver the test temperature range
of -10°C to 40°C, it was required that this capacity be delivered at greater than
1.0 volt per cell.,

The data and information is grouped as follows:

(1) Tests 100 through 105 are long terin tests or oycled to failure tests, As

~in Section II of this Report, these test summarias include a TEST BRIEF, CY-

CLING and OBSERVATIONS AND CONCLUSIONS. All tests with the exception
of Test 105 are project related,

{2) Tables 11 and 12 summarize the general testing of sealed silver cad-
mium batteries for long periods of time to failure. These tests are sepavated
into twenty-four and esight hour orbits. These data should be coordinated with
the capacity check data, fox each Test Pack, on Tables 13 and 14, From the
data it is concluded that the life of these cells, at low nominal depths of discharge
(NDOD) and in twenty-four hour orbits, is 1.4 to 2.0 years at 26°C and approxi-~
mately four years at 0°C. Life at 40°C is one year or less. (Note: One test,
not shown, resulted in 0.2 year life at 50°C in a twenty-four hour orbit, 20%
NDOD.) Combining the information of Tests 103 and 104 of the first group of
tests with the tabulated data on eight hour orbits, Table 12, it is estimated that
the cyole life at low nominal depths of discharge in eight hour orbits and between
0°C and 25°C is 1.4 years.

(3) Ta’ble 15 is a summary of project related tests that were removed from
test before failure, These batteries were cycled for 0.41 and 0.47 yeaxs.

187

"-ob‘

H

[ £
‘?%1—" I

o
iy b




s

3 (4) Table 16 is a summary of cycle tests with early failure. Listed on

b Table 16 is the cell component, treatment or production defect that was the prob-
13 B able cause for early failure.

:’ As in Section II of this report, cell design information follows the same

¢ method of coding and the cell design parameters are included in Appendix A.

5 The special cell designs, called out in Tables 11 and 12, are included in Appen-
. dix A,
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TEST 100

Test Unit: 13xYS5S-4NM

S/N IMP 18
Test Period: 1965 - 1966 . Total Cycling Time: 5100 Heours
Number of Cycles: 1351
TEST BRIEF

The battery consisted of thirteen, five ampere hour cells in series encap-
sulated in EPON 834. The battery configuration, shown in Illustration 4, is the
design flown on the first three Interplanetary Monitoring Platforms. After the
initial capacity checks, the battery was put on simulated orbital cycling with a
1.3 ampere discharge for 0.5 hours followed by a constant potential charge for
3.23 hours current limited at 280 ma. For the first 670 cycles, the voltage clamp
was set at 1.30 volts per cell. This clamp would limit charging to the lower pla-
teau (Ag,0 plateau) and thereby avoid the problem of cell unbalance that occurs
at end of charge when the battery is allowed to accept 2 full charge, e.g., at 1.52
volts per cell. After the completion of approximately 670 simulated orbital cycles;,
the battery was capacity checked, and another 670 cycles were performed on the
battery except the voltage clamp was set at 1.51 volts per cell. Total battery
voltage and currents were continuously recorded and cell voltages were monitored
especially at end of charge and discharge. All tests were at room temperature.
Wet life of the battery at the beginning of the cycling test was seven months.
During this time, the battery had been stored discharged at room temperature.

Cell Design Reference: Appendix A
Project: Interplanetary ‘Monitoring Platform
Applicabie Figures: None

Nominal Depth of Discharge: 13%
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CYCLING

Cycle(s)!!
Half Cycle(s)

1C and 1D

2C and 2D

3C and 3D

5C

6D and 675C

675D

(1) C = Charge

TEST 100 (Continued)

anr®

AHO
"’INC(3)
5.4 5.2
5.5 5.5
1.5 1.6
1.6
0.8

D = Discharge
(2) . AHI - Ampere Hours In
AHO - Ampere Hours Cut
(3) Information Not Complete

i
i

w . Cycling Parameters
“=(All Tests at Room Temperature)

300 ma. constant current charge to 1.54
volts per cell average. Discharge at
1.3 amperes to 0.92 volts per cell
average. '

300 ma. constant potential charge to 1.51
volts per cell average. Cut-off charge
when current is 50 ma. Discharge at

1.3 amperes to 0,92 volts per cell average.

300 ma, constant current charge to 1.30
volts per cell average. Discharge at 1.3
amperes to 0.92 volts per cell average.

300 ma constant current charge to 1.30
volts per cell average.

Discharge at 1.3 amperes for 0.5 hours.
Constant potential charge to 1.30 volts

current limited at 280 ma. for 3.23 hours.

In-cy¢le capacity check. DiScharge at
1.3 amperes to 0.52 volts per cell average.
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TEST 100 (Continued).

Cyola(s) AHI | AHO ‘ . Qycling Parameters

Halt Cycle(s) ; (All Tests at Room Temperature)
675C and 676D INC 2.3 Constant potential charge to 1.51 volts
- per cell average currvent limited at 1.3
amperes. Cut-off charge when current

is 50 ma. Discharge at 8.0 amperes to
0.92 volts pexr cell avaraga,

678C and 678D 3.9 8.7 Constant potential charge to 1,54 volts
679C and 679D 4.2 3.6 per cell average, onrvent Hmited at 800
680C 3.8 ma. Discharge at 1.8 amperes to 0,92
‘ volts per cell average. Note: Pravious
to 697G, all cells shorted overnight on
0.5 thnS!
© 680D to 13508 ~ Dischaxge at 1.3 amperes for 0.5 hours.
‘ Constant potential charge to 1.51 volts
per cell for 8.28 hours current limited
at 280 ma,
1350D , 3.8 | In~gycle capacity check. Discharge at
~ 1.8 ampaves to 0.92 volts per cell aver ng,a.
© 1851C and 1851D 8.3 3.4 300 ma. constant current charge t:o 1,64

volts per cell average. Discharge at 1.3
ampeves to 0,92 volts per cell averaga.

Qlﬁi_SERVATIQN’S AND CONCYLUSIONS:

1. The battery was subjected to 1851 cycles and no cell failures or leakage
oaccurrved. As a result of eycling, a permanent loss of approximately two ampar
houm of battery capacity resulted.

2, Whan tha battar’y was chxled with the 1.80 volt per cell clamps, the dis~
~ charge voltage was maintalned batween 1.08 and 0.90 volts per cell during the
fivst 330 cyoles. Tor the remaining aycles, the hattevy voltage was maintained
between 1.08 and 0.8 volts pex cell. During this oyoling, the eells maintained
good balance at end of discharge. On in~cyecle capacity check 675D, the call
‘voltages at end of diqcharga were batwaan 0.50 and_ 0.60 volts

L4
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Test 100 (Continued)

3. When the battery was cycled with the 1.51 volt ampere cell clamp, the
d1scharge voltage was maintained between 1.23 and 1.05 volts per cell. During
this cycling, the cells had good balance at end of discharge. On in-cycle capac-
ity check 1350D, the cell voltages at end of dxscharge were between 1.02 and
0.84 volts.

4. During cycling at the 1.20 volt per cell voltage clamp, an unbalance did
occur at end of charge. Typical data is shown in Table 10. End of charge cur-
rents were of the order of 20 ma,

5. During cycling at the 1.51 volt per cell voltage clamp, erd of charge volt-
ages were between 1.49 and 1.53 volts per cell. This narrow voltage range was
due to the fact that no low level of float charging occurred during the short charg-

~ing time allowed. End of charge currents were of the order of 50 ma. As a re-

sult of this test the constant potential charge method was devised where charge
current was sensed and the charge voltage lowered to 1.41 volts per cell when

the current tapered to approxxmately 50 ma. In this case, as with other ampere
hour size cells, this value of cut off current was approximately the nommal cell

‘capacity divided by 100.

Table 10
TEST 100
Battery 13xYS55-4NM
S/N IMP 18

Cell Unbalance at End of Charge with 1.30 Voltage Clamp
Cycle > 11 90 150 { 250 | 350 | 450 550 | 650 | 674
Cell No. ' '

1 1.43 | 1.43 {143 | 1,44 | 1,45 | 143 | 1.45 | 1.42 | 1.46
2 1.46 | 1,17 [ 1,18 | 1.35 | 1.32 | 1.30 | 1,34 | 1.18 | 1.18
3 1.45 ) 1.50 |{1.17 | 1.44 {1.,18 | 1,30 | 1,19 | 1.18 | 1.17

4 1.16 { 1.16 | 1,17 { 1.42 | 1,18 | 1,17 | 1.34 {1.24 | 1.18
5 1.45 1 1.17 {1.43 | 1.27 | 1.18 | 1.17 {1.37 | 1.22 | 1.17
6 1.16 | 1,16 |1.17 { 1,19 | 1,24 | 1.31 | 1.20 | 1.18 | 1.17
7 1.18 § 1.28 | 1,17 | 1.18 | 1.18 | 1.17 | 1.20 | 1.32 | 1.37
8 01,17 | 1,17 {1.17 { 1.19 | 1,18 | 1.17 {1.20 | 1,17 | 1.18
9 1.18 | 1.6 1.34 {1 1,17 } 1.45 | 1.31 | 1,19 | 1.42 | 1,47~

10 - 1145|144 {143 |1.44 | 1,45 | 1,43 |1.45 | 1.44 | 1.46
11 145} 144 | 1,43 | 1.44 | 1,44 | 1.35 {1.44 | 1,44 | 1.45
12 1,17 | 144 [ 145 |1.18 | 1.44 | 1,43 | 1,44 | 1.44 | 1.44
13 1’120 | 1456 [1.43 [ 1,44 | 1,46 | 1.44 | 1.44 | 1.44 | 1.46

Current ma—>| 43 | 25 | 18 |21 |20 | 17 | 17 | 16 | 17
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j ; TEST 101

Tast Unit: 5xYS1OS-4NM
 8/N IMP-IP2-02

Test Period: 1971 - 1974 | Total Cycling Time: 3 Years
Number of Cycles: 291

TEST BRIEF

The battery consisted of five, ten ampere hour cells in series encapsulated
in mixture of BPON resins. The cells were the remaining cells from the Inter-
planatary Monitoring Platform I (Explorer XLIII) formation lot. After the initial
“capacity cheoks, the battery was put on simulated orbital eycling with a 96 houx
period and 0.5 hour discharge time. Charging was constant potential at 1.51
volts per cell with a lowering of the voltage olamp to 1.41 volts pexr cell when
the charge current tapered to 100 ma. Charge curvent was limited to 1.0 am-
peres. Discharge currents during simulated oxbital cycling ranged betwoen 2.6
and 3.6 ampares for 0.5 hours. Approximately 90% of the dischavges wavre at
2.75 amperes. Most cycling was performed between 0°C and 10°C. Total bat-
tevy voltage and cuxvents were continuously vecordad. Cell voltages were re-
corded manually during charge and discharge. Wet life of the battery at the be-
ginning of the test was less than one month, Duxing this tizde the battery had
been stored discharged at yoom temperature.

- Cell Design Reference: Appendix A
Main Projoct: IMP I (Explorer XLIII)
Applicable Figure: 48§

Nominal Depth at Discharge: Between 12% and 18%. Most cycles at 15%.
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TEST 101 (Continved)

CYCLING

Cyole(s)" A2 Ao
Half Cyole(s)

16 and 1D 8.1 8.0
20 INA(3)

2D to 104C

104D . 3.9
1050 ™A

106D = 181C

181D | INA
182C 4.0

182D - 2018

201D ' 2.4

(1) C = Chavge
D = Discharga
(2) AL ~ Ampere Hours In
~ AHO - Ampera Hours Qut
(8) Information Not Availabla

Cyoling Paramotors
(All Tosts at G to 10°C)

Constant potential chargoe at 1.51 volts
pex cell averags current limited at 1.0
ampere. Cut-off chaxge at 100 ma.
Discharga at 4.4 ampexes to 0.9 volts
per cell average. ,

- Constant potontial charge at 1.$lfvol‘ts

per gell avorago ourront limited at 1.0
ampare, Reduge voltage clamyp to 1.41
volts por vell aversga when chavgoe aux-
vout tapers to 100 ma. Total chavge
time aguals 95.5 hours. Dischaxge be-
twoen 2.5 and 8.5 amperes for 0.6 hours.

Tn-gycle capacity check. Discharge at
4.4 ampares to 0.9 volts por cell average,

~Charge same as ayole intorval 2D to

16‘»&@! :
Same as oyale interval 3D to 1040,

In-oyolo capacity cheok. Discharge at
#.4 ampores 1o 0.9 volts per coll average.

Charge shme as in oyale nterval 2D to
1044, ' ‘

Snme as oyolo intorval 2D to 1040,

To-gyale capacity chack. Disehavge at

4,0 amperos till the fivst cell roached

0.50 volts.
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TEST 101 (Continued)

OBSERVATIONS AND CONCLUSIONS:

1. During the greater than three ‘;years of cycling at 0°C, there were no in-
dications of cell failure. During cycling, there was a permanent loss of 5.6 am-
pere hours of battery capacity.

2. During simulated orbital cycling, the battery recharged, i.e., tripped to
the lower voltage clamp in less than four hours. Cell voltage unbalance at the
1.41 per cell float voltage was negligible. When recorded, cell voltages previous
to the trip did not exceed 1.55 volts.

3. No cell reversal occurred on the in-cycle capacity checks. On in-cycle
cap:.. ity check 291D, the cell voltages at end of discharge were as follows: 1.025, ,
1.029, 1.013, 0.050, and 0.920,

4. As shown in figure 48, for greater than 95% of the simulated orbital cycling
the discharge voltage was essentially flat. As forementioned, this voltage charac-
teristic occurs when long periods of float charging are used. Occasionally during
testing, fast speed recorders or scopes were used to determine the initial voltage
during the initial few milliseconds of discharge at 2,75 to 3.50 amperes. These
voltages ranged between 0.98 and 1.00 volts per cell. :
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TEST 102

Test Unit: Battery 13xYS5-5NM IMP-G-008
S/N IMP-G-008 ' Total Cyeling Time: 3.2 Years
S/N IMP-G-004 Numbar of Cycles: 87

Test Period: 1967 - 1973 IMP-I-004
" Total Cycling Time: 2.0 Years
Number of Cycles: 28

TEST BRIET

Each battery consisted of thirteen, five ampere hour cells in series, encap-
sulated in EPON resins. The battery configuration, shown in Illustration 5, is
the design flown on Interplanetary Monitoving Platforms (IMP) F and G, Ex-
plorers XXXIV and XLI. Battery S/N IMP-G-008 was the flight sparve battery
for the IMP G Spacecraft and battery IMP-F-004 was the spave battery for the
IMP T Spacecraft. Since these spacecraft were flown in highly elliptical orbits,
with an orbital period of 3.3 days, the shadow times (discharge times) only oc-
curred occasionally as shown in figure 49. Therefore, this test is primarily a
charged storage test wherein the battery is on float charge, most of the time, at
1.41 volts per cell.

Two groups of twenty cells each were formed at GSFC and thirteen cells
from each group, were selected for each spare battery. The cells were sealed
in the battery configuration, vibrated per the DELTA Launch Vehicle Vibration
Schedule and had been subjected to some cyeling in thermal vacuum tests (-10°C
to 40°C). During the life testing of each battery, the discharge currents were
2.5 amperes. The tamperature of the IMP-G-008 battery was varied according

“to orbital changes. Low temperatures associated with in-cyecle capacity checks

correspond to the lowering of the temperature of the satellite as it transverses
long shadows. In highly elliptical orbits, a satellite will encountey these long
shadows ocecasionally when it goes through the earth's shadow at apogee. The

“temperature of the IMP-F-004 battery was maintained at 15°C during the test

program, Wet life of the IMP-G-008 battery at the beginning of test was eight
months and the wat life of the IMP-F-004 battery was ten months.

Cell Damgx Refer ence Appendix A

;Main Project; Inte1 planetary Monitoung Platforms (IMP) Fand G,

- (Bxplorers XXXIV and XLI)

- Applicable I‘igm‘e 49

Nomixml Depth of Dischmge Vmiabla, See Test Brief.
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TEST 102 (Continued)
CYCLING
I. Battery IMP-G-008

Cycling was performed as outlined in the Test Brief. Discharge times were
varied as shown in figure 49 and changes in temperature followed the schedule

" as shown below. In-cycle capacity checks, on the days shown on figure 49, ylelded

the following results.

Temperature
Day °C Ampere Hours Out
« Q0 25 4.2
228 3 =17 4.7
231 10 -22 | 4.6
592 10 0 1.9
1150 . 0 ' 0.8
1151 0 25 1.1

As indicated, on days 228, 231, and 592 the temperature was varied during
the discharge to simulate the cooling of the satellite as it transversed the earth's
shadow at apogee. On day 1151, the temperature of the battery was increased to
compare the capacity with the initial capacity.

II. IMP-F-004

Cycling was performed as outlined in the Test Brief. However, only one
series of discharges was run where the discharge times increased from five
minutes to twenty-three minutes and then decreased to eight minutes. The shape
of the curve, similar to Shadow Period I on figure 49, covered an 88 day period.
These discharges were run at the beginning of the test program. After this dis-

" charge period, the battery was put on afloat charge of 1.41 volts per cell for the

remainder of the test.
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TEST 102 (Continued)
OBSERVATIONS AND CONCLUSIONS:
I. Battery IMP-G-008

1. On day 481, cell S/N 002 began charging at a lower voltage of approxi-
mately 1.2 volts, This condition persisted for the remainder of the test. This
cell would limit ampere hour capacity on the in-cycle capacity checks. On the
final capacity determinations, this cell was leaking electrolyte.

II. Battery IMP-F-004

1. After one year of test, cell S/N 002 began charging at a lower voltage of
approximately 1,2 volts. This condition persisted for the remainder of the test.
After two years of test, the battery failed, i.e., most of the cells exhibited an
open circuit voltage of less than 1.41 volts. The battery could not be dlscharged
and leakage was occurring throughout the battery assembly.

General

From the test data, it appeared that this lot of cells was marginal in per-
formance. The initial ampere hour capacities were low and the low voltage
charging that occurred during float charging at 1.41 volts per cell occurred
prematurely. However, the batteries flown on IMP G and IMP F lasted at least
three years and two years, respectively. :

S
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IMP-G
SILVER CADMIUM BATTERY

CAPACITY: 5Ah E

CELLS CONNECTED IN SERIES: 13

. WEIGHT: 267 5gms = ;
.‘ DIMENSIONS: 18.9cm x 14.6cm X 8.4cm 55
s 7

IMlustration 5. Battery for Interplanetary Monitoring Platforms F & G
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TEST 103

Test Unit: 13xYS10S-2NM
S/N IMP-10

Test Period: 1967 - 1969 Total Cycling Time: 1.4 Years
Number of Cycles: 1088

TEST BRIEF

The battery consisted of thirteen, ten ampere hour cells encapsulated in
EPON resins as shown in Ilustration 6. Twenty-seven cells were formed at
GSFC in order to select cells that would have an ampere capacity within 5% of
the average for thirteen cells. These cells were manufactured in 1962, betore
improved quality control methods were imposed on production. Test results of
cells from the same formation lot are reported in Test 104. The battery test
was performed on spacecraft power system equipment, obtained from & previous
mission. After the initial capacity check, the battery was put on simulated orbital
cycling with a 11.5 hour period and 0.5 hour discharge time. Dischaxrge current
was 2.8 amperes. Charging was constant potential at 1.51 volts per cells with a
lowering of the voltage to 1.41 volts per cell when the charge current tapered to
100 ma. Charge current was limited to 2.5 amperes. Simulated orbital cycling
was performed between the temperature ranges of 5°C and 10°C. Total battery
voltages were continuously recorded. Cell voltages were recorded manually
during charge and discharge.

Cell Design Reference: Appendix A
Main Project: Interplavetary Monitoring Platform E, (Explorer XXXV)
Applicable Figures: None

Nominal Depth of Discharge: 14%
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TEST 103 (Continued) g
CYCLING :
i
~ Cycle(s)" AHI(2) AHOW) " Cyecling Parameters - ‘
Half Cycle(s) (All simulated orbital cycles at 5° to
10°C. Initial and final capacity checks
at 25°C)
Initial Capacity 12.2 » 12.0 Constant current charge at 600 ma. to
Check , 1.55 volts, first cell. Discharge at 2.5 .
‘ amperes to 0.9 volts per cell, average.
, : 3
2C 12.0 : Charge same as above.
2D to 542C Constant potential charge at 1.51 volts
‘ per cell average. Current limited at
2.5 amperes. Reduce voltage clamp to
1.41 volts per cell average when current
tapers to 100 ma. Charge time eleven
hours, Discharge at 2.5 amperes for
0.5 hours,

"~ 542D Sl 6.5 In-cycle capacity check. Discharge cur- , ’;v{-‘g
rent 2.8 amperes to 0.90 volts per cell |
average.

543C 6.2 ‘ Same as charge in cycle interval 2D to
542C except time was 24 hours.
543D to 1067C - Same as cycle interval 2D to 542C.
1067D ' 5.6 In-cycle capacity check. ‘Same as in—k,
' cycle capacity check 542D. '
(1) C = Charge
"D = Discharge -
(2) AHI - Ampere Hours In
AHO - Ampere Hours Out
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~ Oyele(s) AHI

Gyoling Parameters
Half Cycle(s)
1068C 59 “~-Same a8 chazge in cyole interval 2D to
J . /15420 except for 26 hours.
/ . ;
1068D to 1087C .#~  Same as cyale internal 2D to 542C.
087D L 13 In-gycle capa,city check., Same as in-
o ' aycle capacity check 542D,
1088C 1.4 ' Constant cuxrent charge at 600 ma. to

1.55 volts, first cell.

OBSI‘RVA TIQNS AND CONC LUSIONS

1. On oycle 1701 and ﬂxawaftm cell S/N 011 wonld float charge between
1.86 and 1.39 volts when the float vol_tag,e was 1.41 volts per cell,

2. On In-cycle capacity checks 542D and 067D, cell voltages at the end of
discharge wexe 0.86 to 0.91 and 0.87 to 1.0 volts, respectively. Cell reversal
did oocur on the last in~cyc;le capacity check.

3. For greater than 95% of the slmulated cycling, the discharge voltage was
esqm\tially {lat, i,0., there was no upper plateau (AgQ platean) pmsent Average
discharge voltages were between 1.07 to 1.05 volts pex call.

4. On cycle 1087D the bat:taw falled since it c,ould iny deliver the ampere

hours requived in the simulate;d orbital cycling test. At that time, the battery
was leaking,
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’ - TEST 104
//

Test Unit: oxYSlOS—ZNM
S/N IMP 45D
Test Period:- 1967 - 1969 ~ Total Cycling Time;: 1.6 Years.
: ' Number of Cycles: 1756
TEST BRIEF

The battery consisted of five, ten ampere hour cells individually encapsulated
in EPON resins. These cells were selected from the extra cells of the formation
‘1ot from which the IMP E (Explorer XXXV) cells were obtained. See Test 103.
After an initial capacity check, the battery was put on simulated orbital cycling
- with a 8.0 hour orbit and 1.0 hour discharge time. The discharge current was
3.0 amperes. Charging was constant potential at 1.51 volts per cell average cur-
 rent limited at 0.5 amperes. With the nominal depth of discharge of 30%, a charge
time of 7.0 hours and the current limit of 0.5 amperes, the end of charge would
not taper to a low level so as to cause cell voltage unbalance at the end of charge.
- Although little data was available on the test, this was one of the tests that a rou-
tine in-cycle capacity check was performed. These data are a good example of
the loss of total available ampere hour capacity as a silver cadmium battery
cycles in long orbit cycling. Tests were run at room temperature.

Cell Design Reference: Appendix A
Main Project: ‘Interplanetary‘ Monitoring Platform E (Explorer XXXV)

Applicable Figure: 50

Nominal Depth of Discharge: 30%

CYCLING

~Cycling was performed as described in the Test Brief.

OBSERVATIONS AND CONCLUSIONS:
1. One cell failed on cycle 1666 with the baftely failing on cycle 1756, 1.6

years. The failure was inability of the cells to deliver the 3. 0 ampere hours re-
qmred by the test. :
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TEST 104 (Continued)

2, The variation and decay of the total available ampere hour capacity during

simulated orbital cycling is shown in figure 50. These capacities were datermined

by a discharge at 8.0 amperes to 0.5 volts, first call

8. Several tim_es during cycl'ing the ampere hours delivered to the battexy
were determined after the in~cycle capacity check. On these oycles, the charge
time was extended so that the charge current tapered to a few millinmperes.
The results ave as follows:

In-cycle Capacity Recharge Following
Check Capacity Chack
180 9.6
270 : ; 11.5
360 11.0
450 : -

640 ' 0.6

4. The 13xYS108-2NM battery flown on the Explorer XXXV spacecraft was
aycled similar to the cycling test described for this five cell test battery. How-
ever; discharge times varied between 0.8 and 1.2 hours. The battery on the
spacecraft lasted approximately 2.4 years and neax the end of life, tha capacity
of the spacecraft battery was 2.7 ampere hours, Duxing oxbit, the temperature
of the battery was between (°C and 15°G. .
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TEST 105

Test Unit: 9xYS12S-2ANM(20) with third electrode
8/N - Same as Test Unit

Test Period: 1965 - 1967 Total Cycling Time: 1.6 Years
‘ Number of Cycles: 600+

TEST BRIEF

The battery consisted of five, twelve ampere hour cells individually encap-
sulated in EPON 834. Two positive plates, one negative plate and the separators
adjacent to those plates were removed from the cells and a General Electric Fuel
Cell Electrode, ref. 8, was placed in each cell. See Illustration 7. In operation,
the terminal of the fuel cell electrode was connected to the negative terminal of
the cell with a one ohm resistor. After an initial capacity check, the battery was
put on simulated orbital cycling with a twenty-four hour orbit and a 1.0 hour dis-
charge time. The discharge current was 5.2 amperes. Charging was constant

potential at 1.51 volts per cell average current limited at 0.5 amperes. Discharge

voltages were monitored and end of charge voltages were monitored daily. The
voltage across the one ohm resistor was monijtored at end of charge and end of
discharge. The test was run at room temperature.

Cell Design Reference; Appendix A

Main Project: Development

- Applicable Figures: None

~ Nominal Depth of Discharge: 43%

'CYCLING

, Cycling was performed as described in the Test Brief.
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TEST 105 (Continued)

OBSERVATIONS AND CONCLUSIONS:

1. During the first 600 cycles, the end of charge currents were between 10
ma,. and 2¢ ma, and the voltages across the one ohm resistors ranged between
0.0 and 18.0 mv. It appeared that recombination was occurring as described in
ref. 8. Also, it was interesting to observe that there was essentially no cell
voltage unbalance for the first 600 cycles, i.e., the end of charge voltage of each

cell was within 2% of the 1.51 cell voltage clamp,
2. One cell failed on cycle 587, Data was not available after 600 cycles.
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Ilustration 7. Twelve Ampere Hour Silver
Cadmium Cell with Third Electrode
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Summary of Life Cycle Tests at

Table 11

NWSC/Crane ~ Twenty-Four Hour Orbits

Wet Life 3 or

: Cells In . ;
Test ‘Series/ Ge]lm : Fm'lure Cycle | Years onTest Testing Before
Pack . Lk Cycling Parameters First Cell/ >
Numper| , Sominal | Design Pattery | NWSC | GsFC | | SYOHTE 2t
. .{ Ampere Hours : NSWC —~ Years
32B 5/ M | NDOD 2} 20% @ 1.0A, 1.0 Hr., 720/720 2.0 | 0.0 0.2
Orbit Period 24 Hours
- Temperature 25°C
Voltage Limit 1.47/1.53
Current Limit 300 ma.,
694 5/5 N | Same as above. 494/595 1.6 0.1 0.4
fis: 5/5 P | Same as above. 500/661 1.8 | 05 1.3
1288 5/5 P | Same as above except 123/269 0.7 0.0 0.5
Temperature 40°C
1133 5/5 " P | Same as above except 1592/1592 4.2 0.0 0.5
Temperature §°C
89B 5/11 ) ¥DOD 18% @ 2.04, 1.0 Hr. 397/507 1.4 0.0 Information
Orbit Period 24 Hours Not Available
Temperature 25°C
Voltage Limit 1.51
57D 5/11 Q Same ag ghove except 436/16717 4.8 0.0 Information
Temperature 0°C Not Avzilable
33C 5/11 Q Same as above except 326/447 1.2 0.9 Information
Temperature 40°C Not Available

(1) See Appendix A
(2 NDOD = Nominal Depth of Discharge )
{3y Times shown are for wet discharged storage at 25°C except for Pack 77B. This Pack had been subjected to
. thirty-three cycles at GSFC, similar to the cycles at NWSC. Also, the Pack had been float charged at GSFC
for several months.
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Table 12

Summary of Life Cycle Tests at NWSC/Crane — Eight Hour Orbit

- (3) .
Test: Cel}s I 1) Failure Cycle | Years on Test Wet ,Llfe ; or
Series/ Cell'' . . Testing Before
Pack Nominal Design Cycling Parameters First Cell/ Cycling at
Number Ampere Hours Batfery NWSC | GSFC NSWC — Years
118C 5/5 P NDOD (2) 20% @ 1.0A, 1.0 Hr. | 1468/1505 1.4 1 0.0 0.5
: ; Orbital Period 8 Hours ‘
Temperature 25°C ;
Voltage Limit 1.47/1.53,
Current Limit 300 ma.
114B 5/5 P | Same as above except 1496/1496 | 1.4 | 0.0 0.5
Temperature 0°C

(1) See Appendix A
{2) NDOD = Nominal Depth Of Discharge
(3) Times shown are for wet discharged storage at 25°C.




Table 13
Ampere Hours Delivered On Capacity Checks During Cycling
Twenty Four Hour Orbits

Day of

{‘Test Pack Number

Capacity 33B 69A 7B 128B 113B 57D 69B 33C
Check :
- Ampere Hours Out
100 5.8 | 5.0 5.0 5.5 5.3 4.1 7.5 | 8.9
200 6.1 4.2 4.9 1.2 4.1 7.2 7.0 6.8
300 6.3 3.2 4.8 - 4.7 4.1 3.5 5.2
400 5.4 4.4 4.7 5.b - 2.2 4.8
500 2.1 1.1 4.9 4.0 8.3 1.8 -
600 1.9 2.0 1.2 5.1 4.8 -~
700 1.1 - 2,3 4,0 3.9
800 - - 5.1 2.9
900 5.4 3.8
1000 b.b 6.7
1100 4.7 3.6
1200 5.5 3.0
1300 6.1 5.0
14.00 5.8 4.5
1500 - 1.7
1600 - 3.6
1700 -
Test
Temper- 25 25 40 0 0 0 25 40
ature °C
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Table 14 ~
Ampere Hours Delivered on Capacity Checks During Cycling
Eight Hour Orbits

Test Pack Number
Cay of .
Capacity 114B 118C ' 45D
Check : . ,
L ‘ : Ampere Hours Out
30 4.0 b4
60 1 81 - 5.4
90 ' 25 © | 53
120 2.9 6.5
; 150 3.0 6.3
2 180 3.5 5.2 < g
o 210 2.5 6.5 i
o 240 1.5 6.3 2 3
4 270 1.7 5.8 =T
300 1.2 | 5.1 g &
330 1.6 6.3 @
360 1.2 5.7
390 24 5.7
420 1.0 6.0
450 0.9 3.3
Test - i
Temper- o0 25 25
~ature °C :
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, ; Table 15
~ Summary of Cycle Tests at NWSC/Crane that were Removed Before Failure

CellsIn { "
‘ Series/ Cell 1 o : : :
Test | Nominal Design Cycling Parameters | Cycles '3 | Years Wet Life
Designation ; , . Before
: | Ampere Reference Completed on Testing @
Hours @ NWSC Test NWSC
§3, No. 1 5/3 |Y¥S3s-INM | NDOD ‘2 339 476 0.41 1.1
‘ ‘ Discharge: 1,0A for 34 Min.
2.5A for 10 Min.
Orbit Period 7.5 Hours
Temperature -10°C
Voltage Limit 1.55
Current Limit 200 ma,
S3, No. 2 5/3 YS3S-1NM Same as Above Except 476 0.41 1.1
Temperature 25°C
| Voltage Limit 1.50
45M 18/11 | YS118-3NMish) | NDOD 33% @ 3.6A for 1.0 Hr. 516 0.47 0.6

Orbit Period 8 hours
Temperature 25°C

Voitage Limit 1.49/1.52

lowered to i.4% volis

when charge current

tapers to 100 ma.
Current Limit 450 ma.

(1) Cell Design Reference: Appendix A
(2) NDOD = Nominal Depth of Discharge

(3) No Cell Failures
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| | Table 16 E
Summary of Cycle Tests at NWSC/Crane with Early Batiéry Failures

9C 5XYS5-2NM

1058 | Similar to =
5XYS5-4NLI

21B SAME

paled Similar to
45C 5XYS11-3NM(TA)
5XYSIi-2NM(TA)

BT 12 Ahr. Cells in
33A Stn. Stl. Cans
' with Ceramia
Seals

21D 12 Ahr. Cells in
9F glass cloth
wrapped case
with experimental
epoxy.

45B | 10xYS11-3NM(TA)|

25°C NDOD 20%, 24 Hr. Orbit

0°C NDOD 4%, 24 Hr. Orbit
25°C ——— SAME

' 25°C 27%, 8. Hr, Oxrbit

SAME

G°C NDOD 50%, 24 Hr. Orbit
40°C~ SAME

0°C NDOD 43%, 24 Hr. Orbit
40°C: NDOD 43%, 24 Hr, Orbit

dose of radiation (2 X 107 rads.)

Separator replacement for C-19.
Three layers of Visking cellulose.

Production lot proved to be defective.
Linked to process change in the manufacture
of CdG powders, especially increase in the
particle size three or four times.

Comparison of non-woven nylon (21C) and
woven nylon (45C) in cells with the same

CdO powders as in the above test. Approxi-
mately one year after this test, non-woven !
nylon was analyzed for the amount of wetting
agent which turned out to be 7% to 8%. Addi-
tional cell tests were run with non-woven nylon
containing 5.8% wetting agent. Test cells lost
30% of capacity in 23, eight hour eycles at a
NDOD of 26%. This loss was permanent,

Poor design of ceramic seals. 'Seals leaked

before the test was initiated. Tried to repair
with epoxy..

Seals leaked early in cycle program.

Test ! ; Cycle
Pack b ;‘;ﬁezon Cycling Conditions /") Cell C°“g;‘;§enév°a‘1'u1:t’;mem Area Battery
Number gn ) ) J Failed
57B Similar to 0°G, NDOD 2! 20%, 24 Hr. Ochit Separator replacement for C-19. 267
21A 5XYS5-4NM 25°C, ~————-—— SAME Six layers of Methyl Cellulose/ 98
454 40°C ~—~————— SAME Poly(methyl ether/maleic anhydride) 30% 61
Ref. 9.
25°C NDOD 20%, 24 Hr. Orbit | Battery had been subjected to a severe 34

37
70

162
210

80
258

: (1) For additional eycling details, see ref, 10
{2) NDOD = Nominal Depth of Discharge
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SECTION IV
- FLIGHT PROJECTS AND ORBITAL EXPERILNCE

This section of the Repoxrt includes data and information rolated to satollits
missions, with long orbits, 1.e., missions with oxbital periods of greater than

5 5.3 hours. All these satellite projects wore divected by Goddard Space Flight
= Center (GSFC) and all missions used silver cadmium cells manufactured by tha
\, Yardney Eloctric Company. The subjoot matter is groupoed into the following
: categories:
Category : Subjoct Mattoy
- 001 Gell Sizas
002 Dattories Used on “l“liz,ht Missions
003 : Magnotles
004 Charge Control
00G Shadow Timas
006 Shadow Qperation
007 Currant Pulses
008 Voltage Depression at Beginning of
Dischaxge
009 Battery Operations Under Conditions
of Pulse Charge/Discharge
010 ' Reavanrsal of Cells in & Battory
01 Procuremont, Fabrication and

Accaptance Testing of Batterles

Category 001. Cell Sizes

Five sizes of colls were used in flight missions, namely, three, {ive, ton,
eleven and sixteen ampere hour sizes. Sixteen ampere hour calls were used on
a German Research Satellite in an eight hour orbit. Much of the preliminary
work on this cell was done at GSTFC. In fig. 51 Lha dimensions and dry and wet
welghts of the cells arve given. :

Catogory 002. Batteries used on Flight Missions

Table 17 {s a listing of the vavious satellite missions and the types of bhat=
teries used on onch flight, battery woights, some oxbital parameters and the life
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of the batteries in orbit. An Illustration is included for each type of battery.
Except for Explorer XV, the design life of the mission was one year although
most satellites were monitored after one year. Two batteries failed prematurely,
on Explorers XXI and XXXIIT due to high temperature. During the latter few
missions, it has been practice to place the battery in a cold area of the satellite
and use heaters to bring the battery up to an operational temperature, 15°C to
20°C, when battery power is required. Heaters are placed between cells and the
elements are structured so that magnetic signals are cancelled by opposing cur-
rent flow. The heater elements, assembled to the cells, and the thermostats

used for control are shown in Illustration 14,

The Battery Designations shown in Table 17 use the same coding as explained
in Section II. ,
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DR
Ys3 | 6.325 |4.369| 1.508 7.264 MAX. |10 =32 THD| 63 | 82
vss | 6238 |s5270] 1.994%101| 7.381 MAX, |10~ 32 THD| 106 | 133
vs10{10.871 |5.893| 1.880" 79112217 MAX.J1/a — 28 THD| 154 | 245
vs-11]10.716 | 5834 | 2062  |{11.509 MAX.| - — | 187 | 254
YS-16 (13640 |5842| 2062 [14605 MAX.| -~ - | 262 | 342

SILVER CADMIUM FLIGHT CELLS
{1} ALL DIMENSIONS IN CM,

{2) NUMBER IN CELL TYPE COLUMN IS NOMINAL AMPERE HOURS
{3) UNLESS OTHERWISE SPECIFIED, TOLERANCES WITHIN 0,051 CM,

Figure 51. Silver Cadmium Flight Cells
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Table 17

Batteries Used on Flight Programs

Explorer Design Date of g::iizl Load Battery Weight Hlustration Remarks
Designation | Taunch Hours Watts | Designation’ | Kg. Battery Life
XI1I S-3 Aug., 1961 26.5 13- | 13xYS5S-2NM 2.86'" 8 Satellite Failed, 4 Months
XIV S-3A Oct., 1962 | 36.5 12 |13xYS58-2NM | 2.86!V 8 ~1.5 Years
XV S-3B Oct., 1962 5.3 12 |13xYS5S-2NM | 2.861 8 90 Days, Design Life
XVII IMP A Nov., 1963 | 94 35 |13xYS58-2NM | 3.10 9 >QOne Year
XXI IMP B Oct., 1964 35 37 | 13xYSHS-2NM 3.10 9 Btry Temp >50°C, Two Months
XXVI EPE-D Dec., 1964 7.6 14 ]13xYS58-2NM | 2.86(V 8 >One Year
XXVIII MP C May, 1965 - 38 |13xYS5S-4NM 3.10 9 > One Year
XXXTIL IMP D July 1966 - 35 |13xYS11S-2NM | 4.60 10 Btry Temp >50°C, Two Months
‘ (TA) '
XXXV(Lunar) IMP E July 1967 11.5 35 [13xYS10S-2NM | 4.50 10 >Two Years
XK1V IMP T May 1967 80 33 | 13xYS55-5NM | 2.67 11 >Two Years
XLI IMP G June, 1969 80 35  }113xYS5S8~-5NM 2.67 11 > Three Years
XLV 3 Nov., 1971 | 7.7 19/28 | 18xYS3S-2NM | 2.36 12 ~QOne Year
XLVII P HB - | sept.; 19721 300(2) | 124 |14xYS10S-4NM | 5.0 13 >Four Years
XLII IMP I Mar., 1971 ] 105 133 | 14xYS108-4NM | 5.0 13 Two Years: Satellite Re-Entered
L 1 MP I | Oct., 1973 | 30012 | 119 |14xYS108-4NM | 5.0 13 Four Years -
To Be Assigned | ISEE-A® | Oct., 1977 | 52 44 |14xYS108-4NM | 5.0 13 ‘
To Be Assigned| ISEE C 3 | July, 1978 52 44 |14xYS10S-4NM | 5.0 13

(1) Includes weight at current sensor.
(2] Circular orbit, others are elliptical

{3) Contain heaters, see text.




Hlustration 8.

2

Battery for Explorers XII, XIV, XV and XXVI
(Dimensions In Inches)
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[Mlustration 10,

Battery for Explorers XXXIII and XXXV (Lunar)




IMP-G
SILVER CADMIUM BATTERY

CAPACITY: 5Ah
CELLS CONNECTED IN SERIES: 13

WEIGHT: 267 5gms
DIMENSIONS: 18.9cm X 14.6¢cm X 8.4cm

Ilustration 11. Battery for Explorers XXXIV and XLI
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Ilustration 12.

Battery for Explorer XLV

177



Mlustration 13, Typical Battery Structure for Explorers

XLVII, XL, L, ICE
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. Cetegory 003. Magnetics

i

All components, including the batteries, were required to have very low mag-

netic signals. Not only was it necessary to utilize magnetically clean sub-assem-
- blies because of the magnetometer disturbance requirements but also, in the case

of spin stabilized systems, it was preferable to avoid subassemblies with large
magnetic moments. All satellites listed in Category 2 were spin stabilized.

'Since silver cadmium cells and batteries are fabricated from materials that

' ponents are extremely low. Even when exposed to a DC magnetlc held of 25 gauss,

the components do not perm-up, that is, the magnetic signal is low. There is

-some stray field magnetization associated with silver cadmium batteries due to

thie current flow on charge and discharge, the latter being the worse case. To
obtain low stray field magnetization, special wiring techniques have to be used
ahd usually, to obtain best results, the battery wiring is adjusted at a magnetom-
eter facility. An example of the wiring and compensation loops required is given

~in ref. 11. One battery design that was extremely difficult to compensate for the
- stray field magnetism was the round design flown on Explorers XVIII, XXI and
- XXVII listed in Category 2. The round design is a current loop which makes

compensation difficult, Another difficulty experienced with this battery was
g#ou’ping odd numbers of cells. When odd numbers of cells are grouped together,

‘. more compensation loops in the wiring are required. When even numbers of cells

are grouped together, the current flow in each pair of cells tends to cancel stray
field magnetism. On Table 18, typical magnetic characteristics of several bat-
teries are listed. All measurements were made eighteen inches (45.7 cm.) from
the magnetometer face. Additional information on other types of batteries and
components is given in ref 12, _
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Table 18
ation of Silver Cadmium Batteries
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Made Eighteen Inches (45.7 cm.) from Magnetometer

®

w

HERRNE FL ' Dosi Initial " | Post (@ Post(3 | Stray 4 | Discharge Current |
Explorer 1 X gn - Perm Exposure Deperm Field for Stray Field
Designation |- 4
) gamma gamms gamma gamma amperes
XXT IMP B 0.2 - - 87.2 5) 3.0
Same Battery 6.0 3.0
. Design ; . . . :
XXX IMPD - | 04 04 04 . | 75 3.0
- XXXV IMP E 0.2 0.2 0.2 6.5 ¢ 3.0
XXXIV IMP F 1.6 1.6 1.6 4,0 3.0
‘ 2.7 2.0
(1) Initial Perm: As received magnetic state of the item.
(2). Post Exposure: Magnetic state of-the item after exposure to a 25 gauss DC magnetic field.

3)

)
6

Post Deperm: Magnetic state of the item after being demagnetized in a 50 gauss field
(normally 60 Hz AC field).

Stray Field: Magnetic state of item with current flowing in the item.

Round Battery, See Category 2. Reading was reduced to 6.0 gamma after change in wiring and
compensation loops. )
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Category 004 Charge Control

Early Explorer satelhtes used the Type I charge control shown in figure 52,
Here, the battery would supply the spacecraft loads during shadow or 'assist the
solar array during peak loads. Constant potential charging was used, i.e., after
a shadow period, the battery would accept the excess current available from the
~ array. As the battery terminal voltage approached 19.6 volts (1.51 volts per cell),
the shunt regulator would dump the excess current. Eventually the charge cur-
rent would taper to a low value. A typical charge curve for the Type I system is
shown in flgure 53.

During the period 1965 through 1970, the Type 2 charge control system, as
shown in figure 52, was used. This was similar to the Type I system excepta
current detector, in series with the battery, measured the charge current and
when this value tapered to Cn /100, the nominal capacity divided by 100, the shunt
regulator voliage was reduced from 19.6 volts to 18.3 volts (1.41 volts per cell).
The voltage and current profiles during this operation are shown in figure 54." This
value of 18.3 volts was the open circuit voltage of the battery and at this voltage,
cell unbalance would not occur. As aforementioned in Section II, it was difficult
to predict the effect of long term float charging and the associated cell voltage
unbalance at higher charge voltages. The shunt regulator would be reset to the
higher value 19.6 volts, when the battery discharged through the detector at a
current value greater than Cyn/100.

In both systems, a low voltage detection sensed the battery and if the battery
discharge voltage was less than 12.0 volts, 0.92 volts per cell, the battery would
be removed from the line. Charging would commence when excess current was
available,

Since 1970, another type of regulator/charge system has been used. This

employs a series battery charger and a boost regulator for battery dlscharge
This system is descrlbed in ref 13.
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SHUNT THIRTEEN CELL
REGULATOR SILVER CADMIUM SPACELRAFT
19.6 VOLTS BATTERY
TYPE 1
SHUNT Y
' REGULATOR |¢—,| CURRENT SPACECRAFT
SOLAR 19.6 VOLTS/ DETECTOR LOADS
ARRAY 18.3 VOLTS : J
THIRTEEN CELL
SILVER CADMIUM
BATTERY
TYPE 2
Figure 52. Explorer Satellite Power/Charging Systems 1960-1970
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Figure 53. Charging Characteristics, Type 1 Charge System
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| NO CELL
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V=141
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CURRENT
g CN/IUO'
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*Cy = NOMINAL CAPACITY

Figure 54, Charging Characteristics, Type 2 Charge System
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Category 008, Shadow Times

In long orbits, satellites enter the earth's shadow intermittently, Shadow
times versus days in orbit for Explorer XIV, shown on fig. 55, are typical of the
types of shadow profiles of a satellite with a long orbital period, On fig. 56, the
shadow periods experienced during a short orbital period are shown for Explorer
XV, One exception was Explorer XXXV which was placed in a lunar orbit with
an orbital period of 11,8 hours, This satellite had two shadow periods a day with
times in shadow ranging between 0.8 and 1.2 hours. Shadow periods for Explover
XLI with a 3.3 day orbital period are shown in Seotion II1, Test 102,

Category 006, Shadow Operation

Typical operation of the solar array and battery in a 0.57 hour shadow period
and a 1.8 hour shadow period are shown for Explorer XIV on figures 57 and 68,
During the short shadow, the satellite spends only 0.2 hours in complete darkness
while in the longer shadow, the time in darkness i{s essentially equal to the shadow
time of 1.8 hours, In both cases, payload or battery current inoreases during the
shadow since the load is constant power, Only a slight temperature change of the
battery taken place in the 0.57 hour shadow as compared to the 1.8 hour shadow,
At times, in these types of orbits, the satellite would experience five to six hour
shadows where the battery would be discharged to 0.9 volts per cell, A voltage
sensor would remove the battery from the line at this lockout voltage but some
low current drain (25 Ma.) would be required, During these long shadows, the
battery temperature would decrease to a low value (-40°C) at a rate of 10°C per
hour, It would usually take at least one orbit for the battery to warm up so that
it would accept a charge,
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Figure 55. Explorer XIV (5-34) Time in Shadow During Orbit
- Orbital Period, 36.5 Hours
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Figure §7. Explorer XIV (83-A), Variation of System Voltage and
Currents During Shadow on June 32, 1968
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Figure 68, Explorer XIV, (S8-3A), Variation of System Voltage and
Currents During Shadow on Feb. 7, 1968
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Category 007, Current Pulses

During the launoh phase of a satellite, high rate ourrent pulses were required
from the battery to operate separation mechanisms or solid state motor ignition,
These pulse widths were ten milliseconds or less. Usually these pulzes ocourred
at 26°C but (n the came of Explorera XXXIIT and XXXV, where a deceleration motor
was required to slow the satellite down for insertion into a lunar orbit, the motor
ignition temperatare was estimated to be between -10°C and §°C,

In figures 59 and 60, a five ampere hour battery was pulsed while on a con-
stant power discharge of 39 watts, In the former case, with the separation meoh-
aniam vesistance of 0.5 ohma, the battery would dip below 0.9 volta per cell and
therefore the lookout or low voltage sensor could shut off the spaceoraft during
launoh, Therefore, eight ohma was placed in series with each of the four sepa-
ration meohaniama, As shown {n figure 60, the battery voltage does not read any
value leas than 0.9 volta per cell, eapeoially at the beginning of disoharge, Suffi-
olent energy was available to five the separation meohanism,

On figure 61 (& shown the effect of temperature on battery discharge voltages,
Pulsea were performed on batteries that were fully charvged or had a few percent
of capacity removed previous to the ourrent pulse,

Additional information on pulaing of ten ampere hour silver cadmium bat-
teries for the INEE-A Project (2 contained (n vel, 14,

Loy



VOLTS PER CELL

12

11

LR

08

0.7

BATTERY VOLTAGE

n

=
-

DISCHARGE CURVE

Figure 59. Pulsing of Battery During 39 Watt Constant Power Discharge

at 27°C, Test Unit 13xYS5-2NM, IMP 002
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Flgure 60. Pulsing of Battery Durmg 39 Watt Constant Power Discharge
~ at 27°C, Test Unit 18xYS5-2NM, IMP 002
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Figure 61. Pulsing of Ten and Eleven Ampere Hour Batteries
Test Unit A: 13xYS118-2NM (TA)
Test Unit B: 13x¥S108-2NM

T A == g - i
17
12
15 —
11
TEST UNIT A, 25°C

1.0 ‘é 12 I
= =
s | 2
& 09 %
2 E
=] < 11 p—

0g ‘ \[—TEST UNIT 8, 6°C

| x :
07 g j |
TEST UNIT B -10°C
0.8 . .
\ TEST UNIT A, -5°C
- | | ] | [
| 5 10 15 20 25 30



Category 008. Voltage Depression at Beginning of Discharge

One problem associated with silver cadmium cells is the voltage depression
that occurs at the beginning of discharge after a long float chayge oxr after a bat-
tery is cycled in an orbital period that includes long float tip:és during the charge
half-cycle. Although not as severe, this condition can occyr if the battery is
stored charged. The amount of dip of the voltage is very dependent on tempera-
ture. On figure 62 is shown the voltage depression that oe¢urs, at 0°C, 15°C and
27°C on a ten ampere hour battery. Before each discharvge, the battery had been
cycled for several weeks in a 96 hour orbital period with a 0.5 hour discharge,
On each charge half-cycle, the battery had been on float charge at 1.41 volts pex
cell for at least 90 hours. This low voltage condition could be very troublesome,
especially at 0°C, where the voltage dipped to 0.9 volts per cell, This is the volt-
age that is used as the lockout voltage to remove the battery from the line. With
the use of heaters in the battery to warm the battery to a temperature of 15°C to
20°C, this problem can be avoided at moderate discharge rates.

Other tests demonstrating this voltage depression are included in Section IT,
Tests 007 and 014.
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Figure 62. Discharge of Silver Cadmium Batteries after Long Periods of
- Cycling Including Long Float Charge Periods, Test Unit 13xYS108-4NM
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- Category 009, Battery Operations Under Conditions of
Pulse Charge/Discharge

During the early Explorer missions, occasionally the satellite power sys-
tem would operate in a pulse charge/discharge mode. As shown in fig. 63, the
battery would be required to support the solar array as the voltage oscillated
from 19,6 to 15,0 volts. These oscillations, which would occur once or twice
per satellite revolution, were caused by shadowing of the arrays by satellite
appendages or by one array shadowing another array.

Several tests were run to determine if the battery could be charged under
these pulsinz conditions, especially when the satellite was entering shadows
followed by pulse charge/discharge power system operation. The pulsing was
simulated as shewn in fig, 64. All tests were run so that the width of the charge
pulse was 1.27 seconds and the height of the charge pulse was controlled by the
300 ma. current limit of the power supply and/or the voltage clamp maintained
during charge. This value was 19.6 volts or 1.51 volts per cell for the thirteen
cell, five ampere hour baitery. The discharge current during pulsing was main-
tained at 250 ma. Tests were run at room temperature. In each test, approxi-
mately 0.5 ampere hours was removed initially from a charged battery, the bat-

tery was subjected to the pulse charge/discharge for approximately ten hours
and then the battery was discharged, at 800 ma. to 0.9 volts per cell average.
The results of two of the tests follows:

Initial Capacity Ampere Hours Out
" Charge Removed to 0.9 Volts Per Cell
o & Initially After Pulsing
AHT AHO
56 0.56 5.7
5.5 0.57 5.6

These results show that the capacity removed during a shadow period can
be replaced even though these conditions of charge/discharge are present. How-
ever, further tests showed that, if the satellite entered a period of continuous
sunlight and the charge/discharge pulsing persisted as shown at A and B in fig.
64, internal pregsure would develop in the cells. “However, this problem was
alleviated with the development of the Type 2 charge control system described
in Category 004. ‘
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Category 010, Reversal of Cells in a Battery

As far ns known, sealed batteries were adequately protected against ve-
versal during testing and {light, However, in one case, the flight battexy for the
Explorer XLV (8% was reversed for three hours while on the launch platform,
The cells of the eighteen cell, three nmpere hour battery exhibited wnusual char-
noteristios duving the veversal,

The oivouitry used to duplicate the reversal at the launch site is shown in
~figare 65. The only load on the regulator was the instrument converter, For=
tunately, the design of the regulator caused it to go out of regulation at approx-
imately ten volts, The voltage sense or lockout that would have removed the
battery from the Hne at sixteen volts was not on,

The decay of the battery curvent to the regulator for a three hour peviod
aftor drop out of the regulator and instrument converter, is shown in figure 66,
Also shown 18 the voltages of three cells as they are reversed, These curves
do bear some resemblance to the normal charge curve of the silver cadmium
oell. The reason for these charactervistic ourves may he due to the fact that the
manufagturor adds 10% CAO to the positive plate and 5% silver powder to the
negative plate. See vef, 15, The reason for these additions ave reversal protea-
tlon, However, all cells in the battery do not have these profiles in reverse,
Table 19 presents the data on all the cells of the battexy during the three hour
reoversal, As oan be seen, some gells reverse and then retuin to a positive
voltage while other cells revorse and then become less negative as the test
continues,

The integrated ampere hours under the current curve on figure 66 are 0,07,
As shown in Test 021 of Section I, single cells of this type can be reversed 0.16
ampere hours before any pressure rise bacomes significant.

BATTERY
1BXYS3S-ANM
SIN 008

TEMPERATURE 23°C

&% INSTRUMENT

3 -
§* REGULATOR GONVERTER

| zwarisan
f1e waTTs our

Tigare 65, Regulator and Converter Test Set-Up for Reversal Test
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Table 19 ;
Roversal of Colls In Explovor XLV Battexy
CTing = Mintos

\ 2] 40 s 108 148 17
Cell No, | : Cell Voltages
001, 000 | 081 | OFA8 | <183 | <%0 | - 268 | =580
OB 0A0d | =081 | w A0 | =308 | =087 | ~,000 | -2
008 QLTY | <« 088 | =008 | =086 | 000 | 0180 | 0,982
00d | Q7606 | = A8L | =300 | =280 | ~ATL | =368 | =08
Q G 5 0 ’q’? 13 0 Y ﬁh‘(\ 0 Q*LSS Q ‘35'8 0 \“,36 1 “\ "‘}» 0 - LS 53‘)
004 0,683 | 0BG | 0LGd | 0186 | 0.108 | Qa1 | 0sid
(K QAL | 0,808 | 0TFL | QBRE | OWNBL | 0,008 | 0,810
008 =08 | =08 | =088 | = B8 =850 | =808 | - 818
(AL 034 | =088 |« 068 | =008 | Q000 | 0,068 | 0007
Q10 0,131 « Q%2 | =100 « 04 | 0086 | Q0 | 0061
a1l U889 | Q%00 | 0VTRE | 0WTY ]ORN oL | o0Wtd
0R Q00 | =089 | 048 | 0008 ] QRS | 0408 | 0,140
QL8 0,180 | =004 | =008 | =380 | »0%1 | «008 | =088
0l B RS (CI VR IV TR R PR 5 R PR LT B PRGSO B (PR o I IO TR 2
Ll 0,002 OATR | O8ER | 0,881 0,819 0,082 Q088
3 L LR E S B VR Y B (R 0FAT [ OFR0 | 0,008 0,486
1% Q884 | 0852 | Q791 | 0880 | 0aO8R | 0T | 0988
RURS 0874 | 0848 | 0BB0 | 0809 | a4 | Q.08 | 0TS
No. of Cells 1 8 N 8 8 8 @
Reversod
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Category 011, Procurement, Fabrication and Acceptance
Testing of Batteries

The following specifications, documents and procedures form guidelines for
the procurement, fabrication and acceptance testing of batteries for flight use.

1. "GSFC Specification (S-716-P-24) For Silver Cadmium Cells" dated May,
1969 with Revision A dated September, 1974 pubhshed by Goddard Space Flight
Center, Greénbelt, Md. 20771,

The purpose of this specification is to procure three, five, ten, eleven and
sixteen ampere hour celis in the dry and unsealed condition intended for satel-
lite use. It is a material and process control specification. The specification
is used in conjunction with the Cell Design Sheets of Appendix A of this report.

2. Jackson, T. P. and Colston, E. F., Report X-716-70-113. "The Manu- :
facture of Sealed Silver Cadmium Spacecraft Batteries From Dry Unsealed Cells"
dated March, 1970 published by Goddard Space Flight Center, Greenbelt, Md.,
20771.

- This report describes electrolyte filling and adjustment, cell formatioh, wir-
ing of the battery, the potting compound formula and method of encapsulation.

Some detail is shown on typical magnetic compensation loops.

3. Goddard Space Flight Center, Drawing GE-1373282 "ISELR A&C Battery
Assembly't dated February, 1976.

This set of drawings details the battery structural parts and wiring with

~connectors. It also details heater and thermostat assemblies. These drawings

are for a fourteen cell, ten ampere hour battery.

4. The following test procedure is typical of the method used to compare aund
evaluate production lots. The procedure shown is for ten ampere cells. This test
is performed at 25°C. The charge control used is the Type 2 charge control de-
scribed in Category 004 of this Sectlon and in ref, 16. A five cell battery is
usually used for the test.

A. Short all _c’ells on 1.0 ’ohms for 16 hours.

B. Constant potential chaxge batteury at 1.51 volts per cell average current
limited at 0.50 amperes. Cut charge off when current tapers»to 100 ma.

C. Discharge at 3.0 ampéres constant current to 0.8 volts per cell average.

D. Remove residual capacity on 1.0 ohms for 16 hours.

- 201
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Category 011 (Continued)

Charge per B above.

=

Discharge per C above.
Charge per B above,

Perform 30 cycles as follows:

(a) Orbital period — 8.0 hours o

(b) Discharge at 2.5 amperes constant current for 1.0 hours,

(¢) Constant potential charge at 1.51 volts per cell average current limited
at 0.50 amperes for 7.0 hours. Current cutoff of charge at 100 ma.
Float voltage to be 1.41 volts per cell average.

(d) On cycle 30, continue discharge at 2.5 amperes to 0.8 volts per cell,
average.

I. Remove residual capacity on 1.0 ohms for 16 hours,

J.  Chaxrge pér B above. '

K. Discharge pexr C above, ;

L. Requirements: On the last cycle of the 30 cycle test and on discharge at K

above, the battery shall deliver greater than 10.0 ampere hours.

5. Webster, W, H., "International Sun-Earth Explorer — A/C (ISEE-A/C)
GSFC Document ISEE-711-76-002 dated July, 1976.

This document provides those precautions that must be exercised with re-
gard to the battery between the time that it is delivered to the project and its

_integration into the spacecraft. Specific electrical and thermal constraints, and
“allowable operational modes during the integration phases are delineated in the

document. Detailed test procedures, including a listing of test equipment arve
included. Information required to complete successful acceptance tests under
ambient, vibration and thermal vacuum conditions are also included.
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SECTION V
SHORT ORBIT TESTS

This Section of the report includes data and information related to charac-
terization and life cycles tests of silver cadmium batteries in short orbits, i.e.,
1.5 and 1.6 hour orbital periods. Most of the investigation was done with three
ampere hour cells with life testing reported on a twelve ampere hour design.

‘The cell design coding of these cells differs from the coding shown in Section II,

The three ampere hour cell coding, YS55-C3A-NM, designates a three ampere
hour cell was constructed in a five ampere hour case. The cell contained six
positive plates and seven negative plates rather than the four positives and five
negatives used in the five ampere hour cell. The twelve ampere hour coding,
YS12S-A2NM(20), designates a twelve ampere hour ceil constructed in a twenty
ampere hour case. Details of these three ampere hour and twelve ampere hour
cells are given in Appendix A, :

Characterizations of three ampere hour batteries involved 4500 hours which
included approxxmately 2400 cycles at various test parameters. A flight battery
design constructed of three ampere hour cells was operated 7280 cycles for 1.8

~ years to failure. Life cycling to failure of three, twelve ampere batteries resulted

in a total of 2.2 years of test and a total of 12,560 cycles.

Most of the testing of three ampere hour cells was done at 16% and 33% nom-
inal depths of discharge. The voltage clamps and currents used at the various
temperatures on reported in Tests 200 through 204 inclusive. The batteries could

- be cycled over the temperature range of -10°C to 50°C. Because of separator de-

terioration, the upper range of temperature would shorten hattery life. As shown
in the test of the twelve ampere hour battery, S/N 85B, operatmn at -20°C at a
nominal depth of discharge of 25% is questlonable

~ The flight battery design constructed of three ampere hour cells was tested
for the FR-1 French Satellite Program. The battery weighed 2.1 Xg (4.6 lbs.).
This would result in a nominal energy density, based on 1.1 volts per cell (9 cells)
and three ‘ampere hours, of 14.1 WH/Kg (6.4 WH/1b). As can be seen in Illustra-
tion 16, this battery was very heavy structurally. Using present battery designs,
it is estimated that the energy density could be increased to 19 WH/I{g for a three
ampere hour battery.

During cycling in short orbits, there was no indication of a flattening of the

~-discharge voltage curve as experienced during long orbits. See Section II, Itis
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sugée'sted that the loss of the upper plateau (AgO plateau) is dependent on low
current density on charge.

Several times the charged, three ampere hour batteries were placed on a
float charge of 1.50 and 1.55 volts per cell average. A cell voltage unbalance -
would occur that would result in high internal pressures or cell rupture. These
problems would occur within a short time as compared with the cells tested in
long orbits. See Section II. Also, the float currents were higher. This may
have been due to the increased plate area in the three ampere hour cells as com-
pared to five ampere hour cells. See Appendix A. If these sealed cells were to
be used in an application where long float periods were encountered, it is recom-
mended that a Type 2 charge control, described in Section IV, be used.

Ref. 17 describes a series of tests performed by the Boeing Company on the
same type of three ampere hour cells, The battery samples ware three cells in-
dividually encapsulated in EPON, The orbital period was 100 minutes with a 55
minute dischaxrge time. Heat sink temperatures were 21°C. The cycle life of
these three cell batteries was as follows:

Nominal Depth ; ~ ,
of Discharge , Cycles to Failure{

256% 16,700
86% , 6500 — 7500
50% 4000 — 7400
65% | © 1800

Each test reported in this Section of the report is organized the same as in
Section II, 1.e., TEST BRIEF, CYCLING and OBSERVATIONS AND CONCLUSIONS.
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TEST 200

Tost Unit: 10xYHES~QA-NM
‘ 8/N 014

Test Poviod: 1962 | Total Cyaling Time: 1100 hours
« , Number of Cyclos: 6§28

| TEST BRIEF

« The battery consisted of ten, three ampera honr cells in sm@im snoapsulated

~in BPON 834, Simulated orbital eyeling was at 23°C and 43°C i 1.5 houx ovbits
with a 0.0 hour discharge. Constant vesistance discharpes wore used, Discharge
gurrents reported ave averages. This was a sevies of charaoterization tests to
determine the voltage elamps and eurrent limits requived for various nominal
depthy of diseharge. During eyeling, total battery voltage was reecorded foxr all
of the oyoling while ond of gharge and disehavge voltage of the cells were moni=
tored, Curvents were integrated by means of an ampere hour integrator with an
agouracy of 1,0 percent, Two Qalibmted thormistors were engapsulated within
the battery assembly to determine the tempervature rise during ayoling at the
various test parameters. These thormistors were looated at the center of the

battery assembly, Except for the latter groups of oyales, in-cyole aapacity oheoks
were not made when the nominal depth of disehaxge (NDOD) was changed. ‘

CGoll Dosign Reforence: Appendix A
Main Projest; Geneval Testing - '
é&ppliaahl& I.s*igum.s:; 6%, 68

~ Nominal Depths of Dischavge: 10%, 33%, “i‘;‘ . 45%
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TEST 200 (Continued)

CYCLING
Cycle(s) ! AHI @ AHO (2 Cycling Parameters and Discussion
Half Cycle(s)
1C to 5D INA 3 3.1 300 ma. constant current to 1.6 volts per
(Aver-  cell average. Discharge at 1.0 amperes
age) constant current to 0.9 volts per cell
average. Temperature: 26°C.
6C 3.0 300 ma. constant current to 1.56 volts per
cell average. Temperature: 25°C.
6D to 226D NDOD"# : 10% Temperature: 25°C.
Constant potential charge to 1.50 volts
per cell current limited at 0.5 amperes
for 1.0 hours. Discharge at 600 ma. for
0.5 hours. During cycles 70 through 226,
the ampere hour efficiency was close to
100%. The maximum temperature rise
of the battery was 1.0°C.
227C to 242D NDOD: 22% Temperature: 25°C. Con-

stant potential charge to 1.50 volts per
cell current limited at 0.73 amperes for
1.0 hours. Discharge at 1.3 amperes for
0.5 hours. During cycling, the battery
was losing 0.07 ampere hours average
during each charge. The maximum tem-
perature rise of the battery was 2°C.

(1) C = Charge
D = Discharge
(2) AHI - Ampere hours in
AHO - Ampere hours out
(3) INA - Information Not Available
(4) NDOD - Nominal Depth of Discharge

RO DA T T N
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Cyc,ie(s)

Half Cycle(s)

242C to 275D

276C to 321D

/822C to 326D

AHI

TEST 200 (Continued)

AHO

ya

W

Cycling Parameters and Discussion

NDOD: 22% Temperature: 25°C,
‘Constant potential charge to 1.50 volts

- per cell current limited at 0.90 amperes

for 1.0 hours. Discharge at 1.3 amperes
for 0.5 hours. During cycling there seemed
to be a slight loss in ampere hours de-
livered to the battery on each charge. The
temperature rise of the battery was not
measured.

'NDOD: 22% ‘Temperature; 24°C

P Constam potentml charge to 1.55 Volts
= per cell current limited at 0.90 amperes
; \*‘or 1.0 hours. Discharge at 1.3 amperes

fbr 0.5 hours. During cycling there was
an average gain of 0.02 ampere hour on
each charge. The maximum temperature

" rise of the battery was 4°C.

NDOD: 45% Temperature 24°C,
Constant potential charge to 1.55 volts
per cell current limited at 1.8 amperes
for 1.0 hours. Discharge at 2.7 amperes
for 0.5 hours. During cycling, there was
an average loss of 0.07 ampere hours on
each charge. The test could not be con-
tinued because the battery voltage was
less than 1.0 volt per cell at end of dis-
charge. The maximum temperature rise .
of the battery was 7.5°C,
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- TEST 200 (Continued)

Cycle(s) ~ AHI AHO

Half Cycle(s)

 327Cto337TD | =

J

338C to 342D

343C to 401C

401p 2.4

402 - 8.

Cycling Parameters and Discussion

~ NDOD: 30% Temperature: 25°C.

‘Constant polential charge to 1.55 volts
per.gell curient limited at 1.2 amperes
for 1.0 hours. Dischavge at 2.0 amperes
for 0.5 hours. During these cycles, there
was a loss of an average of 0.02 ampere
hours on each charge. The tomperature

‘ ris[:e of the battery was not monitored.

NDOD: 33% Temperature: 25°C.
Constant potential charge to 1.55 volts
per cell current limited at 1.8 amperes
for 1.0 hours. Discharge at 2.0 amperes
for 0.5 hours. During these cycles, there
was a loss of an average of 0.03 ampere
hours on each charge. The maximum
temperature rise of the battery was 6°C.

NDOD: 33% Temperature: 25°C. e: 25°C.
Constant potential charge to 1.55 volts
per cell current limited at 1.4 amperes
for 1.0 hours. Discharge at 2.0 amperes
fl:n 0.5 hours. During these cycles, there
qu a gain of an average of (.01 ampere

~* hours on each charge. The maximum
i temperature rise of the battery was 6°C.

~ In-cycle capacity check at 26°C. Dis-
c}‘mrg’e at 2.0 amperes to 0.9 volts per
cell average.
|
~ Constant potential charge to 1.55 volts
per cell current limited at 300 ma. for
125 hours at 25°C
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TEST 200 (Continued)

Cycle(s) AHI AHO Cycling Parameters and Discussion
Half Cycle(s) '
402D to 527C NDOD: 33% Temperature; 42°C.

Constant potential charge to 1.55 volts
. per cell current limited at 1.4 amperes
“for 1.0 hours. Discharge at 2.0 amperes
for 0.5 hours. During these cycles there
was again of an average of 0.07 ampere
hours on each charge. The maximum
temperature rise of the battery was 5°C.

527D . 2.0 . Incycle capacity check at 26°C.
' o * Discharge at 2,0 amperes to 0.9 volts
per cell average.

528(C 3.0 Same as 6C. Temperature: 25°C.

528D 3.0 Discharge at 1.0 amperes constant cur-
rent to 0.9 volts per cell average.
Temperature; 25°C.

OBSERVATIONS AND CONCLUSIONS:

1. Under the test conditions stated, the battery would operate satisfactorily
at 10%, 22% and 33% nominal depths of discharge. Once the combination of volt-
age clamp and current limit was established, the ampere hour efficiency during
cycling was close to 100%. Probably the battery could have been cycled at the

45% nominal depth of discharge if a higher voltage clamp was used, e.g., 1.6 volis

per cell. The equipment available at the time did not have this higher voltage
capability.

- 2. During short orbit cyecling, the battery operates at a reduced capacity as
shown by the in-cycle capacity checks. However, the nominal capacity can be

‘restored to the battery by constant current or constant potential charging.

3. Voltage profiles on. discharge,' typical of the various tests, are shown on ‘

fig. 67. There is no flatening of the upper plateau (AgO plateau) during cycling
as experienced during long orbit cycling. Voltage and current profiles of the
charges following the Vabrove discharges are shown in fig. 68.
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TEST 200 (Coutinued)

4, During cycle gloup 343C to 401C, the end of charge voltage weare within
1.56 + ,02. During cycle group 402D to 527C, at 42°C, the end of charge voltages
were within 1.55 # ,08. After 100 hours on float during charge 402C, one cell was
charging at 1,78 volts, At this time the current was four milliamperes. The re-
maining cells were less than 1.60 volts,

5. Even though the cell cases were Bakelite C-11 and the cells were encap-
sulated in EPON 834 within an aluminum case, only a moderate temperature rise
of the battery was observed. The maximum temperature rise of 7. 5°C was ex-
perienced when the battery was oycled at a nominal depth of dischsu ge of 45%.

6. There ware no i’ndications oI cell 'f'ulme duling sunulated orbital cycling.
After the cycling test was completed, the bmttely was charged to 3.0 ampere hours
and then put on a float charge of 1.55 volts per cell average. After the first day
the charge curvent had decreased to less than three milliamperes. During the

- float charging, cell voltage wnbalance occurred with two cells greater than 1.66

volts. After approximately three weeks of float charge, at least two cells were
leaking electrolyte.
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VOLTAGE PER CELL

“Depths of Discharge (NDOD) at 24/26°C, ~Test 200,

1.0

18

1.0

1.5

1.0

e HALF CYCLE 3230

NDOD: 45%
v AVERAGE CURRENT 2,7A
:\ T

I }

STRREEY HALE CYCLE 3600
' NDOD: 33%
AVERAGE CURRENT 2,0A

[
L ’ HALF GYCLE 289D
NDOD: 22%
AVERAGE CURRENT 1.3A
- HALF CYGLE 70D
NDOD: 10%

R 1

: , AVERAGE CURRENT o.sA'

o 10 20 30

DISCHARGE TIME — MINUTES

- 40

Fig111‘e 67. Voltafre’ on Discharge at Various Nominal

- Battery 10xYS58- GSA NM, S/N 014
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* VOLTS PER CELL -
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Figtire 68. Voltage and Current Profiles During Charge, Temperature
24/26°C, Test 200, Battery 10xYS5S-C3A-NM, S/N 014
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- TEST 201

Test Unit: 10xYS5S-C3A-NM

S/N 002
Test Period: 1963 Total Cycling Time: 1700 Hours
Number of Cycles: 1030

TEST BRIEF

The battery consisted of ten, three ampere hour cells in series encapsulated
in EPON 834 in a Fiberglass case. The battery is the square-shaped assembly
shown in Illustration 15. Simulated orbital cycling was performed at room tem-
perature in 1.5 hour orbits with a 0.5 hour discharge. Constant resistance dis-
charges were used. Discharge currents reported are averages. This was a
series of tests to determine the in-cycle capacity of the battery during short
orbits, at a 33% nominal depth of discharge (NDOD). Also, during one section
of testing, an ampere hour meter was used to determine the loss of capacity
during initial cycling. During cycling, total battery voltages and currents were

~recorded, All current curves werve integrated.

Cell Design Reference: Appendix A
~ Main Project: General Testing
Applicable Figﬁre: 69

Nominal Depth of Discharge: 33%
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TEST 201 (Continued)

CYCLING

Cycle(s) ! AHIL 2 AHO 2
Half Cycle(s)

1C and 1D 3.6 3.3
2C and 2D 3.5 3.4
' 3C and 3D 3.5 3.5
4C and 4D 3.5 3.4
5C and 5D WA 3.4
6C 3.4

6D to 212C

212D 12
213C 3.5

213D to 418C

(1) C = Charge
D = Discharge
(2) AHI - Ampere Hours In
~ AHO - Ampere Hours Out

(3) INA - Information Not Available

Cycling Parameters
All tests are at Room Temperature

200 ma. constant current charge to 1.55
volts per cell average. Discharge at 1.0

“amperes constant current to 0.9 volts

pexr-cell average.

Constant potential charge to 1.50 volts
per cell average current limited at 220
ma, for 40 hours. Discharge at 1.0 am-
peres constant current to 0.9 volts per
cell average.

Same as 1C.

Constant potential charge to 1.51 volts
per-cell current limited at 1.3 amperes
for 1.0 hours. Discharge at 2.0 amperes

for 0.5 hours.

In-cycle capacity check. Discharge at

2.0 amperes to 0.9 volts per cell average.

Same as 1C

Constant potential charge to 1.54 volts
per cell current limited at 1.3 amperes
for 1.0 hours. Discharge at 2.0 amperes
for 0.5 hours, '

214
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PREST 201 (Continued)

Cyocloa(s) AN AHO Cyoling Paramaters

Half Cyalels) All tests ave at Room Temperatuve
418D 23 Same as 312D,

4190 3.1 : ~ Same as 10,

4191 to 1025¢ ‘ ' Same as 2ASD to 415C.

1038D 21 Same as 212D,

1020C and 24 2.5 “Constant potentinl ohaxge to 1,55 volts
10290 4 per cell ourvent Hwmited at 1.8 ampeves

for 20 hours. Dischavge of 2,0 amperes
to 0.9 volts per oell average.

1030C and - 8.6 84 300 ma, constant ourrent ‘ah‘axga to 1,65

10800 - volts pax cell avexage. Discharge at 2,0

amperes to 0,9 volts per cell average.

 OBSERVATIONS AND CONGLUSIONS:

1. When oyeling at a voltage elamp of 1.51 volts per eoll, the in~oycle capae-
ity of the battery, after 200 cyoles, was 1.2 ampore hours, However, when the
voltage clamp was raised to 1.54 volts pax cell, the In-ayele anpaotty of the bate
tery, attex 200 oyoles, was 2.3 ampare houvs, As shown in Hgure 69 theve is an
ampere hour loss during the fivst eight stmulated oxbital oyoles. In this case,
thore was o losy of approximately 1.2 ampare hours during the fivst elght cycles.
After these few initial oyoles, the ampere hour efficlency is close to 100%. After
sach in~ayolo tapnotty chack the battexy f.z.cmld ba chavged m\dfor discharged to

greater than three ampare hours,

2, Charge and disohavge qurves for this tost ave similar to the ourves re-
ported n this section of the veport under Test 200, 58% nominal depth of dischaxge,

3. Thare was no indieation at ooll fatflures as a result of the 1@30 stmulated

~ ovhital ayeles at $5% nominal doptl of diseharge. In tests vun on the same type
S B :

of calls wador stmilar test cenditions, the Boelng Company reported, vef. 17,
oycle life to falluve of 6000 oyclos of throe cell batteries.
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IMlustration 15. Three and Ten Ampere Hour Cells Encapsulated
in EPON 834 in a Fiberglass Case
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TEST 202

Test Unit: 10xYS5S-C3A-NM

S/N 015
Test Period: 1961 Total Cycling Time: 1100 Hours
Number of Cycles: 519
TEST BRIEF

{' The battery consisted of ten, three ampere hour cells in series encapsulated
in EPON 834 in a Fiberglass case. The battery was of the same configuration as
shown in this Section of the report, Test 201, Illustration 15. Simulated orbital
cycling was performed at -10°C, 0°C, 26°C and 50°C in 1.5 hour orbital periods
with a 0.5 hour discharge. Constant resistance discharges were used. Discharge
currents reported are averages. This was a series of tests to determine the volt-
age clamps and current limits required for a 33% nominal depth of discharge
(NDOD) at the temperatures listed above. Two calibrated thermistors were en-
capsulated within the battery assembly to determine the temperature rise during -
cycling at the various test parameters.. Some of the tests were run in a vacuum
of 100 microns of Hg. During cycling, total battery voltages and currents were

- recorded. End of charge and discharge voltages were monitored occasionally.

All charge and discharge current curves were integrated.

Cell Design Reference: Appendix A
Main Project: General Testing

Applicable Figure: None

Nominal Depth of Discharge: 33%
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TEST 202 (Continued)

CYCLING
Cycle(s) ! AHI 2 AHO 2 Cycling Parameters  Temperature
Half Cycle(s) (Note: Some tests at °C
100 microns Hg)
1C and 1D 3.4 3.0 200 ma. constant current 26
2C and 2D 3.1 3.0 to 1.60 volts per cell aver-
38C and 3D s.1 - 3.0 age. Discharge at 950 ma,
4C 3.2 to 1.0 volts per cell average.
4D to 209C ; Constant potential charge 26
to 1.55 volts per cell cur-
vent limited at 1.4 amperes
for 1.0 hours. Discharge
at 2.0 amperes for 0.5 hours.
Maximum temperature rise -
of the battery was 7°C.
209D ' 2.6 In-cycle capacity check. 26
’ Discharge at 2.0 amperes
to 0.7 volts per cell average,
210C 3.1 INA () 26
210 to 253C Constant potential charge -10C

to 1.60 volts per cell cur-
rent limited at 1.4 amperes
for 1.0 hours. Discharge at
2.0 amperes for 0.5 hours.
Maximum temperature rise
of the battery was 13°C.

(1) C = Charge

D = Discharge
(2) AHI - Ampere Hours In

AHO - Ampere Hours Out ;
(8) INA - Information Not Available
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TEST 202 (Continued)

Cyole(s) AR AHQ Cycling Parameters Temperature
Half Cyole(s) {Note: Some tests at °C

100 miorons Hg)

253D 1.4 In-gycle capacity check. =10
Discharge at 2.0 amperas
to 0.7 volts per cell average.

2540 3.6 Same as 1C. 28
254D to 867C Constant potential charge 0

to 1,58 volts per cell cur-
rent limited at 1.4 amperes
for 1.0 hours. Discharge at
2,0 amperes for 0.5 hours.
Maximum temperature rise of
the battexy was 10°C.

367D 1.8 In-oyele eapacity chaok. 0
Discharge at 2.0 amperes to
0.9 volts per cell average.

-~ 868C and §68D §.4 34 Same as 1C and 1D. 28
369C 8. Same as 1¢. 27

569D to 451C © Vaeuwm of 100 mierens Hg. 2t
: : Cyoling sama as 4D to 209C, :
Maximum temparature rise
of the battery was 12°C.

491D | 1.8 In-oyole eapacity check. 35
Discharge at 2.0 amperes
to 0,9 volts par cell average.

(4) Where Vacuum Used,
Tempamture is of V‘muum Chamh&r Wall
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Cycle(s) AHI AHO
Half Cycle(s)
452C 8.4

\

452D to 492C

492C to 500 D

500C 3.2

500D to 518C

518D 2.8

519C s
- 519D ~ ~INA

TEST 202 (Continued)

Cycling Parameters Temperature
(Note: Some tests at °Cc
100 microns Hg)

Constant potential charge 25
to 1.55 volts per cell cur-

vent limited at 1.35 amperes

for 200 hours.

Vacuum of 100 microns Hg. ~10
Constant potential charge at

1.58 volts per cell current

limited at 1.4 amperes for

1.0 hours. :Discharge at

2.0 amperes for 0,5 hours.
Maximum temperature rise

of battery was 19°C.

INA

Same as 452C except for 25
24 hours. '

Constant potential charge 50
to 1.51 volts per cell average
current limited at 1.4 am-

peres for 1.0 hours. Dis-

charge at 2.0 amperes for

0.6 hours. Maximum tem-
perature vise of the battery

was 9°C.

In-cycle capacity check, 50

- Discharge at 2.0 amperes

to 0.9 volts per cell average.

Same as 452C. ' _ 26
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TEST 202 (Continued)
OBSERVATIONS AND CONCLUSIONS:

1. A voltage clamp of 1.55 volts per cell average and a current limit of 1.4
amperas were adequate for cycling at 26°C. A voltage clamp of 1.58 volts per
cell average and a current limit of 1.4 amperes were satisfactory at 0°C. Other
tests have shown that the voltage clamp can be lowered to 1,55 volts per cell and
the current limit set at 1.3 amperes for a 33% NDOD at 0°G. Operation of the
battery is marginal at -10°C with a voltage clamp of 1.6 volts per cell and a cur-
rent limit of 1.4 amperes. Very few cycles were run at 50°C but the 1.51 voltage
clamp and 1.4 ampere curvent limit were adequate.

2. Even though the cell cases were Bakelite C-11 and the cells were encap-
sulated in a Fiberglass casas, only moderate temperature rises of the battery
were observed. In a vacuum of 100 microns of Hg. the increase in the tempera-
ture rise, at chamber wall temperatures of 26°C and ~10°C, were about 50%
greater than temperature rises observed at ambient pressures.

3. Voltages of cells at end of charge at 25°C and ~10°C were 1,55 & 0.01 and
1.60 & 0.01, vespectively. During the 200 howr float eharge, 4520, three cells
exhibited voltages greater than 1.7 volts at 120 hours and remained above this

voltage for the remainder of the charge. The other cells were less than 1.5 volts.

During the last 100 hours of charge, the current was betwean two and three
milliamperes.

4. The average voltage on discharge, on the lower plateau {Ag,0 plateau),
at the various temperatures was as follows: '

Temperature - Cell Voltage
°c Average
=10 1.08
0 1.04
25 1.06
50 1.09

5, During cycling, there was no evidence of cell failure. After 519 eycles
under various conditions, the battery could be charged to 3.1 ampere hours.
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TEST 203

Test Unit: 10xYS5S-C3A-NM

S/N 003
Test Period: 1963 Total Cycling Time: 600 Hours
Number of Cycles: 349
TEST BRIEF

The battery consisted of ten, three ampere hour cells in series encapsulated
in EPON 834 in an aluminum can., Simulated orbital cycling was performed at
-10°C and 0°C in 1.5 hour orbits with a 0.5 hour discharge. Constant resistance
discharges were used. Discharge currents reported are averages. This was a
series of tests to determine the in-cycle capacity of the battery at low tempera-
tures in 1.5 hour orbits. During cycling, total battery voltages aid cur*‘ents were
recorded. "All current curves were integrated.

Cell Design: Reference: Appendix A
Main Project: General Testing
Applicable Figure: None

Nominal Depth of Discharg‘e': 33%
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TEST 203 (Continued)

CYCLING
Cycle(s) ! AHI (2 AHO (2) Cycling Parameters Temperature
Half Cycle(s) °C
1C and 1D 3.2 3.0 200 ma. constant current 27
2C and 2D 3.4 3.2 charge to 1.55 volts per
3C and 3D 3.3 3.2 cell average. Discharge
4C 3.4 at 1,0 ampere constant
-+ current to 0.9 volts per
cell average.
4D to 96C Constant potential charge -10
' to 1,55 volts per cell
average current limited
at 1.3 amperes for 1.0
hours. Discharge at 2.0
amperes for 0.5 hours.
96D R 1.0 In-cycle capacity check. -10
' : Discharge at 2.0 amperes :
to 0.8 volts per cell
average.
97Cand 97D 8.2 3.0  Same as 1C and 1D, 26
98C 3.3 Same as 1C. 26
98D to 148C : Constant potential charge 0

to 1.55 volts per cell aver-
age current limited at 1.3
amperes for 1.0 hours.
Discharge at 2.0 amperes
for 0.5 hours.

(1) C = Charge

- D= Discharge

(2) AHI - Ampere Hours In
AHO - Ampere Hours Out
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TEST 2038 (Continued)

Cyola(s) AHI AHO Cyeling :l?m'ametei‘s; Temperature
Half Cyole(s) ; e
148D 2.0 In-cycle capacity gliéck. 0

Discharge at 2,0 amperes
to 0.9 volts per cell average.

3.3 Same as 1C and 1D, 26

149C and 149D 8.5
y 150C 3.4 Constant potentialbcharge 26

to 1,565 volts per cell aver-
age curvent limited at 1.3
amperes. Charge continued
_until the current was 10 ma.,

150D to 844C Same as 98D to 148C. 0
344D ‘ R 1.9 Same as 148D, 0
345C and 845D 2.1 2.2 Constant potential charge to 25

1.56 volts per cell average
current limited at 1.3 am-
peres. Charge continued
until the eurrent was between
10 ma. and 12 ma.
349C and 349D 2.9 2.8 Same as 1C and 1D. 25

OBSERVATIONS AND CONCLUSIONS:

1. When oycling at <10°C with a 1.55 volts per cell clamp, the in-cycle
capacity of the battexy was essentially equal to the capacity removed during
each oycle. During most of the cycles at ~10°C, the end of discharge voltage

of the battery was between 0.8 and 1.0 volts.

2. Opémtion of the b‘attézry‘ at 0°C with a 1, 55 volt pex cell clamp was satis-
factory., As shown in Test 202, the battexry at 0°C does operato at an in-cycle
capacity that is less than the nominal capacity.

8. There was no evidence of the cell failures as a result of the cycllng‘ at the
colder temperatures. However, aftex the cycling test was completed, the capacity
of the battery was less than the initial capacity mea.sured. :
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TEST 204

Test Unit: 9xYS58-C3A-NM*
S/N FR-1, P3-3

Test Period: 1965, 1966 Total Cycling Time: 1.3 Years
Number of Cycles: 7280

TEST BRIEF

The battery consisted of nine, three ampere hour cells in series encapsulated
in EPON 834, This battery, shown in Illustration 16, was the design flown on the
French Satellite Programs, FR-1 and FR-2, Initial simulated orbital cycling was
performed at 27°C and -10°C in 1.67 hour orbital periods with a 0,67 hour dis-
charge time. Constant resistance discharges were used. Discharge currents
reported are averages. During cycling total battery voltage and currents were
recorded. All charge and discharge current curves were integrated. After cy-
cling for approximately three weeks at Goddard Space Flight Center, the battery
was cycled to failure at the Naval Weapons Support Center/Crane (NWSC/Crane).
Simulated orbital cycling was performed at 25°C in orbital periods of 1.5 hours
with a 0.5 hour discharge time.

Cell Design Reference: Appendix A

Main Project: French Satellite Program

Applicable Figure: None

Nominal Depth of Discharge: 16%

*Duringfcycling tests-of GSFC, two additional three ampere hour cells were
connected in series with the nine cell battery. These cells were equipped
with pressure gages. Consequently, the battery will be referred to as an
eleven cell battery
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TEST 204 (Qontinnad) ‘
CYCLING

I. Goddard Space Flight Center (GSFC)

~ Cyele(s) ! AHT (2 Ano Cycling Parameters  Temperature
Half Cyole(s) | . . °Q
1C and 1D 3.5 3.3 300 ma. constant current 27
2C and 2D 3.3 3.2 - to 1.54 volis per cell aver-
3¢ ' 34 age. Discharge at 1.0

amperes to 0.8 volts par
cell average.

3D to 122C ' Constant potential charge to 27
: 1.50 volts per cell average
current limited at 300 ma.,
for 1.0 hour. Discharge at
710 ma. for 0.67 hours.

122D 2.8 - In-cycle capacity check. 27
Discharge at 720 ma, con-
stant current to 0.9 volts
per cell average.

123C ~ 3.6 ~ Constant potential charge to 27
' ~ - 1.51 volts per cell average
current limited at 600 ma,
Charge continued until cur-
rent was 20 ma,

128D to 238C ‘ Constant potential charge to = -10
: - 1.52 volts per cell average
current limited at 600 ma,
for 1.0 hours. Discharge at
730 ma. for 0.67 hours.

(1) C = Charge
D= Dischaxge |
(2) AHI ~ Ampere Hours In
AHO -~ Ampere Hours Out
(8) INA - Information Not Available
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Cycle(sy AHI
Half Cycle(s)

239D

TEST 204 (Continued)

AHO

2,6

Cycling Parameters Temperature
o
(8]

In-cycle capacity check. ~-10
Discharge at 700 ma, to
0.9 volts per cell average.

. Naval Weapons Support Center/Crane (NWSC/Crane)

1. Previous to ¢ycling at NWSC /Crane, the battery was stored discharged

for nine months at room temperature.

2. Only the nine cell battery was cycled, i.e., the two extra cells were not

included in the test.

240C and 240D 2.6

241C and 241D 2.8
242C and 242D 2.6

243C 2.8

243D and 3050D

3051C and  INA

3051D

3052C . INA/jé

-3052D to
4460D

2.5
2.7
2.6

0.9

(Note: All tests are at 25°C)

200 ma. constant current to 1.54 volts
-per-cell average. Constant current dis-
charges on 240D, 241D, and 242D were
1.0, 2.0, and 3.0 amperes, respectively,
until the first cell reached 0.7 volts.

Constant potential charge to 1.52 volts
per cell average current limited at 600
ma, for 1.0 hours. Discharge at 1.0
amperes constant current for 0.5 hours.

Capacity check 200 ma. constant current
to 1.52 volts per cell average. Discharge
at 1.0 amperes constant current.

Same as 243D to 3050D.
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TEST 204 (Continued)

Cycle(s) AHI AHO  Cycling Parameters
Half Cycle(s) s ;

4461C and INA 0.9 Same as 3051C and 3051D.
4461D

4462C INA

4462D to Same as 243D to 3050D.,
5870D »

5871C and - INA 0.7 Same as 3051C and 3051D.
5871D |

5872C INA

Cycle 7280 v Battery Failed.

" OBSERVATIONS AND CONCLUSIONS:

. 1. Goddard Space Flight Center (GSFC)

1., At a nominal depth of discharge of 16% in a 1.67 hour orbital period,
voltage clamps of 1.50 and 1.52 volts per cell were adequate at temperatures of
25°C and -10°C, respectively. Current limits of 300 ma. at 25°C and 600 ma.

, at 10 C wem gdeguate, -

Co2, An addltional charge was run 1t GSFC wherein the battery was constant

potent;al charged at 27°C at 1,50 volts per cell average. When the charge cur-
‘reni decreased to 40 ma., a cell voltage unbalance began with the cell voltages

- ranging batween 1. 45 and 1.60 volts. The pressure of one of the extra cells,

~ that float charged at 1.60 volts, rose 33 PSIG in 16 hours without stabilizing,

The werage charge ourr ent during this time was 20 ma. ;

II Naval Weapons Support Genter/crane (NWSC/Crane)

1. D:\cept fo; the last few cycles, the wnd of oharffe voltng‘e of the cells was
1.08 volts per cell. Ampere hour efficiencies wm @ clige to 100%. When meas-
ured the m—conu capaclty of the bat;temy was less than one asmpere hour,
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TEST 204

2. On cycle 7280, the battery ruptured. It is suspected that cell reversal
and a resultant internal pressure rise caused failure.

3. Batteries of the same design, 9xYS58-C3A~-NM, were flown on the French
Program Missions FR-1 and FR-2. The nominal depth of discharge was 16%. The
life of the FR-1 Satellite was approximately 400 days. No problems were asso-
eiated with the battery.

[llustration 16, Three Ampere Hour Battery
for the French Satellite Program
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TEST 205

I ——

Test Units: 5xYS12S-2ANM(20)
S/Ns 82B, 85B and 97B

Test Period: 1965, 1966 Total Cycling Time: 2.2 Years
Total Cycles: 12, 560

TEST BRIEF

Each battery consisted of five, twelve ampere hour cells encapsulated in-
dividually in EPON 834. Simulated orbital cycling was performed at the Naval
Weapon Support Center/Crane (NWSC/Crane). The batteries were cycled at 0°C,
25°C and 40°C in a 1.5 hour orbital period with a 0.5 hour discharge. The bat-
tery operated at 40°C was initially cycled at -20°C. However, due to low voltage
and loss of capacity at ~20°C, on cycle 214, the temperature was charged to 40°C.
Battery voltages and currents were recorded on every thirty cycles.

At Goddard Space Flight Center, the batteries were given three capacity
checks at 25°C as follows: (1) charge at 750 ma. to 1.52 volts per cell average
and (2) discharge at 3.5 amperes to less than 1,0 volts per cell, On these three
cycles the capacities of the fifteen cells was 12.8, 12,9 and 12.8 ampere hours.

‘Previous to cycling at NWSC/Crane, the batteries had been stored discharged
for three months at room temperature.

Cell Design Reference: Appendix A

Main Project: General Testing

” Applicable 'Fik(gure; None

Nominal Depth of Discharge: 25%
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TEST 205 (Continued)

CYCLING

Following is a summary of the tests of the three, five cell batteries at NWSC/
Crane. These tests are designated at 205A, 205B and 205C.

TEST 205 A
Battery S/N 82B at 25°C

Cycle(s) " Anr 2

AHO @ Cycling Parameters

Half Cycle(s)

1C and 1D INA B 13.3 600 ma. constant current charge to 1.55
volts per cell average. Discharge at 6.0
amperes constant current until first cell
reached 0.5 volts.

2C | 13.3 Same as 1C.

2D to 1410D Constant potential charge to 1.55 volts
per cell average current limited at 3.9
amperes for 1.0 hours. Discharge at
6.0 amperes constant current for 0.5
hours. ‘

1411C and INA 31 4.5 Capacity check. Same as 1C and 1D.

1411D

1412 mwa Same as 1C.

1412D to

2816D ' Same as 2D to 1410D.

- 2817C and INA (3) 2.9 Capacity check. Same as 1C and 1D.
2817D

(D) C’= Charge

D = Discharge
(2) AHI - Ampere Hours In

AHO - Ampere Hours Out
(3) INA - Information Not Available
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Cycle(s)
Half Cycle(s)

2818C

2818 to 4224D

4225C and
14225D

4226C
4467

4225D to 4559

Cycle(s)
Half Cycle(s)

1C and 1D

- 2C

2D to 1410D

1411C and
1411D

© 1412C

AHI

8.3

INA

INA

AHI

INA

INA

INA

INA

Test 205 A (Continued)

AHO

3.3

Cycling Parameters

) \\

Same as 1C,
Same as 2D to 1410D,

Capacity check. Same as 1C and 1D.

Same as 1C.
First Cell Failed.

Samé as 2D 10 1410D. Two cells failed
on cycle 4559, Test terminated.

TEST 205 B
Battery S/N 97B at 0°C

AHO

9.0

INA

Cycling Parameters

600 ma. constant current charge to 1.58
volts per cell average. Discharge at 6.0
amperes constant current until first cell
reaches 0.5 volts. Temperature 0°C,

Same as 1C.

Constant potential charge to 1.58 volts
per cell average current limited at 3.9
amperes for 1.0 hours. Discharge at
6.0 amperes constant current for 0,5
hours.

Capacity check. Same as 1C and 1D.

Same as 1C.
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Cycle' (S) -
Half Cycle(s)

1412D to 2816D

2817C and
2817D

2818C

2818D to 4224D

2972, 3186

4224C and
4225D

4226C
4226D to 5631D
4481

5682C and

5632D

1C and 1D

2C

2D to 214D

AHI

INA

3.4

INA

INA

- INA

INA

INA

TEST 205 B (Continued)

AHO

3.5

)
=

3.7

Cycling Parameters

Same as 2D to 1410D.

Capacity check. Same as 1C and 1D.

Same as 1C.
~Same as 2D to 1410D.
One cell failed on each cycle.

Capacity check. Same as 1C and 1D.

Same as 1C.
Same as 2D to 1410D.
Third Cell failed.

Capacity check. Same as 1C and 1D,
Test terminated.

' TEST 205 C
Battery S/N 8$5B at -20°C and 40°C

5.4

600 ma. constant current charge to 1.60
volts per cell average. Discharge at 6.0
amperes constant current until first cell
reaches 0.5 volts. Temperature -20°C.

Same as 1C.

Constant potential charge to 1.60 volts
per cell average current limited at 3.9
amperes for 1.0 hour. On half cycle
214D, battery discharge voltage below
1.0 volts per cell, Battery removed

- from test.
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TEST 205 C (Continued)

Note: After cycle 214, the data is not clear as to the performance of capac-
ity checks with cycle numbers. After cycle 214 the battery was cycled at 40°C
in a constant potential charge to 1.55 volts per cell average for 1.0 hours. The
discharge was 6.0 amperes constant current for 0.5 hours. Cell failure occurred
at cycles 1978 and 2245 with the remaining cells failing at cycle 2375.

OBSERVATIONS AND CONCLUSIONS:

1, The cell failures called out in the test were due to low cell voltage on
~ discharge, i.e., less than 1.0 volts and/or failure of the cells to deliver the three
ampere hours during simulated orbital cycling.

2. Several cells from each test were opened and examined after failure.
Each layer of cellophane separator (C-19) was badly deteriorated and the tensile
strength was essentially zero. After several months of cycling, some of the cells
developed leaks at the terminals.




SECTION VI

OTHER DEVELOPMENTS RELATED TO
SILVER CADMIUM CELLS

This Section of the report includes the following data and information: :
(1) test results on prototype cells of 20 through 300 ampere hour sizes, (2) sum-
mary of developments that were shown to be feasible for mission use, (3) posi-
tive electrode analysis and (4) test results obtained on cells from suppliers other
than the Yardney Electric Company. Three of the developments that were proven
to be feasible but were not reduced to practice were (1) electrodepositing Ca(OH),
on positive plates to retard the solubility of silver oxides, (2) use of silver pal-
ladium alloy membranes to allow hydrogen to diffuse from the cells during float
charging and (3) use of bellows devices for electrolyte level control to enhance
~ gas recombination in flooded cells.

LARGE AMPERE HOUR CAPACITY CELLS

Between 1962 and 1963, several large ampere hour capacity cells were pro-
cured from the Yardney Electric Company. The ampere hour sizes were 20, 40,
115, 150 and 300. These cells were not evaluated on simulated orbital cycling.

_The main tests consisted of determining the capacity of these cells when dis-
charged at moderate rates to less than 1.0 volts per cell. The larger capacity
cells were not sealed during the tests. The test results are shown in Table 20.

Non-magnetic construction was used and the cell designs are shown in
Appendix A. ,
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Table 20

Typmal Cycle Data on Large Ampere Hour Capacity Cells Discharged to
- Less than 1.0 Volts Per Cell

Cell Battery (1)

Cells in Series/

Designation Nominal Ampere - Cycling Paraineters AHI/AHO(Z) Remarks
‘Hours ‘e
10xYS205-3NM 10/20 1.25 ampere consiant current 22.7/22.7 Three cycles performed.

: k charge to 1.55 volts per cell I Battery sealed in EPON
average. Discharge at 4.5 834. Battery weighed 7.6 Kg.
amperes (average) to 0.5 volts
per cell.

10xYS40S-2NM 10/40 2.50 ampere constant current 37.0/36.5 Data based on two cycles.
- charge to 1.56 volts per cell Battery sealed in EPON 834,
average. . Discharge at 7.7
amperes to 0.9 volts per cell.
6xYS115S~-1NM 6/115 9.8 ampere constant current 161/159 Three cycles performed.
- charge to 1.65 volts per cell Cells not sealed.
average. Discharge at 25.0 .
amperes (average) to less than Y
0.5 volts. W
5XYS150S-3NM 5/150 6.8 ampere constant current 187/180 Data based on three cycles.
charge:to 1.55 volts per cell Cells not sealed.
average. Discharge at 30.0
amperes constant current to
0.6 volts per cell.
YS300S-1NM 1/800 17.5'ampere constant current 495/455 Data based on three cycles.

charge to 1.61 volts. Discharge
at 60 amperes to less than 0.5
volts.

Cell not sealed.

(1) Cell Design Reference: Appendix A

- (2) AHI - Ampere Hours In

AHO - Ampere Hours Out




INVESTIGATION OF ELECTRODEPOSITED Ca(OH), COATINGS
ON POSITIVE PLATES

At the conclusion of Contraot NASS-9168 with the General Eleotric Company,
ref, 18, sample five ampere hour silver cadmium oells were delivered to GSFC,
In addition to control cells, samples were delivered that had 0,056 mm, (2 mil)
and 0,18 mm, (6 mil) thick coating of Ca(OH), on the silver plates, During the
course of the contraot it had been shown that coatings of Ca(OH), on the positive
plates could retard silver migration. The sample cells used, YS5-8NM, were
similar to the YS6-2NM design, Appendix A, except the separators were reverse
wrapped, i.e., the separators were wrapped on the negative plates rather than the
positive plates. This was done in order to facilitate removing the positive plates
from the cell to apply the Ca(OH), coating and reassembly of the plates. The
cells were filled and formed as shown in Table 21,

After the formation, one of each type of cell was opened and the cellophane
separators observed visually and photographed. The cellophane from the control
coll was heavily coated with silver, especially on the layers of cellophane nearest
the positive plates. The cells coated with Ca(OH), had very little silver on the
first layer of cellophane but thore was some darkening of the cellophane adjacent
to the edges of the silver plates, Illustration 17 {s a photograph of the cellophane
separators from thesa three cells. The material at the bottom of the photograph
was olosest to the silver eleotrodes., Aftor formation and an additional charge,
five vented cells, one control and two each of the 0,05 and 0,13 mm, were oyocled
thirty-five times at 25°C in the following manner: (1) 0.5 hour discharge at 2.0
amperes, constant current, followed by a 7.5 hour charge current limited at 350
ma. and voltage limited at 1.50 volts per cell and (2) when the charge ourrent
decreased to 100 ma., the charge voltage was reduced to 1.41 volts per cell, On
half oyecle 35D, the battery was discharged to 0.7 volts, each cell, On oyecle 36,
the cells were charged for twenty-two hours with a constant potential charge
voltage limited at 1.50 volts per cell and current limited at 850 ma. This was
followed by a discharge at 2.0 ampere, constant ourrent, to 0.7 volts, each cell,
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S Table 21 -
Formation of YS-5-8NM Cells Containing Silver Plates Electrodeposited by the
~ General Electric Company with 0.05 and 0.13 mm. of Ca(OH),

, Formation Cycle ‘
Cell , , - "
 Number | FC-1,AHI'W | FD-1, AHO®@ | FC-7,AHI | FD-T7, AHO Remarks

1 1 9.26 5.85 5,62 5.16 . | Cells1 to4, 0.05 mm.
2 - 4,87 4.68 4,34 Ca(OH), coating.
3 597 5.96 5.52 ;
4 5.98 5.81 -~ 5.37 e
5 3.92 4.05 3.74 Cells 5 to 8, 0.13 mm.
6 3.64 4.23 3.95 Ca(OH), coating.. . .
7 5.00 5.14 -4.76
8 : 4.61 4.82 4.40
9 v 6.25 6.22 5.79 Cells 9 and 10. No

10 9.26 5.95 ' 6.62 6.06 Coating. Control cells.

Formation Procedure:

(1)

2
(3

(4)

(9)

(6)
)
@)

All cells were filled with 18.5 cc. of 40% KOH and allowed to soak for 72 hours. During this operation,
the cells were clamped with end plates and tie rods.

Cells were charged on the first formation cycle (FC-1) at 300 ma., constant current, for 31 hours.

On the first formation discharge (FD-1), the cells were discharged at 2.0 amperes, constant current,
to 0.8 volts, each cell. ' '

Cells were charged at 300 ma., constant current, to 1.58 volts, each cell.

Cells were discharged at 2.0 amperes, constant current, to 0.8 volts, each cell.

Steps (4) and (5) were repeated five times more making a total of seven formation cycles.

FC - Formation Charge
AHI - Ampere Hours In.
FD - Formation Discharge
AHO - Ampere Hours Out
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[Mlusiration 17. Cellophane Separators Removed from Cells with 0.13 mm,
(5 mil), 0.056 mm,

Positive Plates.

The results of the

Gall . ‘(‘fmting
S/N Thickness
mm,

1 0.05

2 0.05

3 0.13

4 0.13

5 0

(1) D - Discharge

Un

OF P

[GINAL PAGE IS
QUALITY

control

mil) and 0.0 mm, (Control) Ca(OH), Coatings on the

discharges on cycle 35D and 36D are shown below.

Cycle 35D (")
Ag O Plateau

voltage

1.00
1.00
0.89
0.90
1.04

Cycle 35D
Ampere Hour

Capacity
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Cycle 36DV
Ag,0 Plateau

Voltage

1.04
1.04
0,92
0.94
1.06

Cycle 36D
Ampere Hr.

Capacity

4.4
5.0
4.4
4.0
3.6



After eycle 36, three cells were opened the control, a 0,05 mm, coated cell
and a 0.13 mm, coated cell. The amount of silver pick-up visually observed on
the cellophane was approximately the same as observed after the formation cycles.
An analysis was made of the amount of silver in the first layer of cellophane, ad-
jacent to the positive plates, and the following two layers. The results of this |
analysis follows.

Coating Silver in Cellophane Silver in Following

Thickness Next to Silver Two Layers of
mm, Plate-mg./cm. 2 Cellophane-mg./cm, 2
0.13 0.273 | 0.079
0.05 0.279 . 0.089

0 3.080 0.355

The inner surface of the cell case of the control cell was heavily coated with
silver and silver particles were observed in the electrolyte. This was not ob-
served in the cells with coated electrodes. A comparison of the weights of the
control silver plates after cycling showed a 20% to 25% loss in weight as com-
pared to the original wet weight. - -This loss of silver from the plates may have
been due to the reverse wrapping of the separator. The loss of silver did result
in a capacity loss in the control cell. The loss of weight of the coated electrodes
‘was less than four percent. There was no further investigation to determine the
reason for the lower capacities of the cells with coated plates. However, cells
with coated 0,05 mm. and 0.13 mm, plates were discharged at lower currents of
0.5 amperes. At this drain the discharge voltage, on the Ag,O plateau, was 1.07
volts for each cell at 25°C. The capacity of each cell was greater than five am-
pere hours. :

HYDROGEN DIFFUSION EXPERIMENTS

As a result of the accumulation of hydrogen due to the unbalance of cells dur-
ing float charging, the feasibility of diffusion of hydrogen through silver palladium
membranes was investigated. Such a membrane could be mounted on a tube and
~inserted in the fill port of the cell. The membranes would be protected by a thin
film of polyethylene so that the inside surface of the membrane would not contact

the electrolyte. :

 Melpar, Inc., ref. 19, performed several experiments to determine diffusion
rates as a function of hydrogen pressure, temperature and membrane thickness,
i.e., the thickness of the palladium black deposited as a silver palladium base.
The results of the diffusion experiments are shown in figures 70 and 71.

242



£92

HYDROGEN DIFFUSION RATE 10-3CC/CMZ/MINUTE

20

15

10

TEMPERATURE 25°C

THICKNESS 0,52 MM.

e THICKNESS 0.37 MM,
‘ PN e N ———
e “~THICKNESS 0.25 MM.
| 1 L J N _ )
60 - 120 | 180 0 _ . 300 360 420
: - TIME — MINUTES

~ Figure 70. Hydrogen Diffusion Rates Through Silver Palladium Membranes- of Different

Thickness to a Vacuum of 10~ Torr, Hydrogen Pressure 1.0 ATM, “Temperature 25°C .
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"HYDROGEN DIFFUSION RATE 1073 CC/CMZ/MINUTE |

i o ; 4 ) S = 1

e : | ] . L z i

i U0 180 0 - 240 300 360
L TIME — MINUTES

" Figure 71. Hydfbéér; Diffusion Rates Through Silver Palladium 0.25 mm. Thick

at 0°C, 25°C and 40°C to a Vacuum of 10-5 Torr, Hydrogen Pressure 0.5 ATM




The conclusions. excerpted ﬁrom this report follow:

- ™1) Temperature - Higher temperatures promote greater diffusion of
hydrogen through a membrane of constant thickness. (At the temperature of 0°C,
diffusion rates approach zero.)

: (2) Pressure - Hydrogen diffusion rates siglﬁficantly increase with an in-
crease of hydrogen pressures. At higher pressures, the diffusion rates decrease
with time while at lower pressures, the rates remain fairly constant with time.

, ( 3)‘ Membrane Thickness - There appears to be an optimum thickness for
silver palladium membranes to control H, diffusion rates within a limited range.
From the limited data obtained in this study, the optimum thickness value is
about 0.38 mm: "

This technique was not put to practice, However, it appeared that the use of
these membranes, to maintain low internal cell pressures, during float charging
“would be practical. For example, the H, evolution rate of five ampere hour cells
during long periods of float charging at 1,51 volts per cell was of the order of
10 cc. per minute, However, diffusion rates were extremely low at (°C.

ANALYSIS OF SILVER PLATES

During the course of the overall program, analysis of the composition of
electrodes was made. Contained herein is some data for silver plates removed
from charged and partially discharged cells, that had not been cycled to any ex-
tent, Similar data was obtained on negative plates but is not available. The
analytical work was performed at Melpar, Inc. on contract NAS5-3753, refs. 20
and 21.

The sealed cells used in this analyses were five ampere hour cells, YS55-2NM.
Both cells had been charged at 300 ma. constant current to 1.55 volts. Approxi-
mately 1.5 amperes was removed from one cell so that most of the AgO had been
discharged. All tests were performed at 25°C. The results of the analysis of
these charged and partially discharged cells are shown in Tables 22 and 23. The
- analytical procedures are shown in Appendix B.
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Plate Analysis

Table 22

Charged Cell

=] ) s
P '§ % Total Loss on Ignition .
s : . g | - ’ =R 1w
Sample 2 g < S » | T l® |© 5 g g=| 2
. X S| @ul Ax o wee | & T .ol . = S « S =S gag
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OTHER SUPPLIERS

During the program, silver cadmium cells were obtained from other sup-
pliers in an attempt to obtain a second source. In most cases, these efforts
were not successful. Reported herein are the results of tests on cells from two
suppliers, one being a second source and the other a company which developed
an electrolyte control mechanism, This later development was investigated for
use in large ampere hour capacity cells.:

A second source that produced cells very similar in performance to the
Yardney Electric Company cells, was the Electromite Corporation. (Presently,
this company does not exist.) - A sample lot of thirty cells built to the GSFC
Specification, ref. 1, were delivered to GSI‘C in early 1970. These were seven
ampere hour cells and the cell design information is given in Appendix A,

Three of these cells were tested at the Naval Weapons Support Center/Crane

- (NWSC/Crane). Simulated orbital cycling was performed in an eight hour orbit

with a one hour discharge time. The nominal depth of discharge was 25%. The
cells were charged to 1.51 volts per cell average while the charge current was
limited to 0.4 amperes. The test temperature was 20°C. At the beginning of the
test, the wet life of the cells was six months. The cells were cycled 4,224 times
and then the test was terminated. Capacity checks were run during cycling and
the ampere hours delivered, to less than 1.0 volts per cell average, were as
follows:

Capacity Checks on Electromite Cells During
NWSC/Crane Tests

Cycles ‘ - Ampere Hours Out
0 8.0
270: : 40
792 7.5
1056 ; 8.1
1580 - 7.7

;Dkuring simulated orbital cycling cell voltages were greater than 1.05 volts on

discharge. There were no cell failures during cycling. Total test time was 1.5

- years.

Early in the program, it was observed that the ampere hour capacity and
voltage characteristics were improved if the sealed silver cadmium cells were
operated flooded with electrolyte. Cells cycled in the limited electrolyte condi-
tion did have some recombination capability. An investigation was carried out
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in cells that would be essentnally flooded in normal operation but when gases
evolved internally, a bellows device would allow a lowering of the electrolyte
level. Such a device would be practical in large cells, e.g., 100 ampere hour
sizes or larger. Developmental work on controlled electrolyte cells, of eight
and one-hundred ampere hour cells was performed by the Electric Storage Bat-
tery Company, ref. 22,

Sample cells, resulting from the development program were tested at the
Naval Weapons Support Center/Crane (NWSC/Crane). Simulated orbital cycling
of an eight ampere hour, five cell battery was as follows: (1) orbital period of
eight hours with a one hour discharge at a nominal depth of discharge of 25%
and (2) 2.0 ampere current limited charge with a voltage limit of 1.51 volts per
cell average. The test temperature was 25°C. One cell failed at 1379 cycles,
the second cell failed at 3253 cycles and the remaining cells failed at 3875 cycles.
Data from capacity checks follows:

Capacity Checks of ESB Eight Ampere
Hours Cells During NWSC/Crane Tests

Cycles Ampere Hours Out

0 8.2
630 12,2
1094 9.1
1377 4.8
2082 5.2
2707 4.3
3282 2.7

3638 , 4.0
3875 2.4

The above capacity checks were obtained by discharging the cells at 2.0 amperes
until the first cell reached 0.5 volts. Early failures were due to leakage. Final
cell failures were due to severe separator deterioration and electrolyte leakage.
The total test txme was 3.5 years.

Simulated orbital cychng of the one-hundred ampere hour, f1ve cell battery

was as follows: (1) orbital period of twenty-four hours with a two hour discharge -

time at a nominal depth of discharge of 30% and (2) 3.0 ampere current limited
charge with a voltage limit of 1.51 volts per cell average. The test was run at’
room temperature. One cell was removed from test on cycle 624 because of low
discharge voltage. The remaining cells operated for 701 cycles and then the test
was terminated. Pressures of the cells during the test ranged between vacuum
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and 17 PSIG. Cell discharge voltages were 1.01 volts or greater. Maximum cell
voltage unbalance at end of charge was 1.43 to 1.58 volts. The initial capacity of
the five cells ranged between 138 and 141 ampere hours. On cycle 500 a capacity
check yielded 84 ampere hours. The total test time was 1.9 years.

During the testing of the one-hundred ampere hour cells it was observed that
the electrolyte level did change significantly when pressures of 17 PSIG were ob-
served, It was difficult to evaluate this effect on gas recombination, The fact
that low pressures were observed throughout the test with high end of charge
voltages may be an indication that the electrolyte control was useful,
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SECTION VII
SUMMARY AND CONCLUSIONS

A. Long Orbit with Periods Greater than Five Hours

(1) At nominal depths of discharge (NDOD) less than 30% and over the tem-
perature range of 0°C to 40°C, a voltage clamp of 1.51 volts per cell is adequate
for constant potential charging. Constant current charging should only be used
for ground use, e,g., ampere hour capacity determination. Herein, a voltage cut-
off of 1.55 volts per cell is adequate at 25°C. Constant currents of Cy /10 (nom-
inal capacity divided by ten) are satisfactory. However, the cells can be charged
at very low currents, e.g., Cyn/500.

~ (2) The sealed silver cadmium system has two voltage plateaus on discharge,
the AgO plateau, and the Ag,0 plateau. During several of the cycling programs,
it was obsexved that the upper plateau (AgO plateau) would flatten out so that a
battery would discharge at nearly constant voltage. This occurred when a battery
was cycled on long orbits with a high percentage of float time or the battery was
placed on continuous float. Usually this lowering of the upper plateau would occur
without a loss of ampere hour capacity. Also, this lowering of the upper discharge
“plateau would occur during charged storage. Some loss of capacity would result.
When the flattening of the upper plateau occurred, this was usually accompanied
by a dip in voltage on initial discharge. The magnitude and time of this voltage
depression was dependent on discharge current and temperature.

(3) The ampere hour efficiency of the sealed silver cadmium system is very
high and approaches 100% during simulated orbital cycling. Watt hour efficiencies
ranged between 70% and 90%. However, in most cycling tests the watt hour effi-
ciency approachedthef lowexr value.

(Y Durmg cycling of sealed silver cadmium batteries during long orbits, the
individual cells will exhibit a voltqge unbalance at the end of charge and during
float charge. This occurs during constant potential charging when the charge cur-
rent is very low. Voltages greater than 1.7 were observed when the voltage clamp
 was maintained at 1.51 volts per cell. These high voltages could result in internal
gas pressures, usually hydrogen, that could exceed the burst pressure of the bat-
tery casing. A constant potential charge control method was devised that sensed
- the charge current. When the battery was near fully charged, i.e., the charge
-current tapered to Cy/100, the charge voltage was reduced to 1.41 volts per cell.

This voltage was slightly higher than the open circuit value of the cells and no
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pressure rise would océur. Tests showed that this value of float charge voltage
would keep the charged battery at full ampere hour capacity for at least six months,
Other methods that were shown feasible to minimize internal gas pressure were
diffusion of hydrogen through silver palladium membranes and electrolyte level
control during operation.

(5) During the early part of the program, same difficulties were experienced
with cell unbalance on discharge, e.g., near the end of discharge one cell would
approach zero volts while the remaining cells would be greater than one volt. As
process and material controls and formation procedures improved, cell unbalance
on discharge seldom occurred. The use of these controls and procedures did not
provide improvement of cell unbalance on charge.

(6) The electrical performance of sealed silver cadmium batteries degrades
below 0°C while the life of these batteries is shortened above 40°C. Conversely,
life is extended at low temperatures while the electrical performance is optimum
at higher temperature, e.g., 20°C to 50°C. At low temperatures, the main problems
are (1) capacity maintenance during cycling and (2) a dip in voltage on initiation of
discharge. Operational and test programs have shown cycle life periods of greater
than three years at low temperatures. At temperatures of 40°C to 50°C, the cycle
life is one year and 0.2 years, respectively. The cycle life at moderate tempera-
tures is between 1.4 and 2.0 years. :

(7) There were few infantile cell failures in controlled production lots, Wear
out failures were attributed to silver solubility and complete deterioration of the
cellophane separators

(8) During the transition phase from the lower plateau (Ag,0O plateau) to the
upper plateau (AgO plateau) on charge, high voltage peaks may be experienced,
especially at low temperatures. This should be taken into consideration when
battery voltage cutoffs or cell voltage cutoffs are used during charging. These
voltage peaks can also cause a depression of the charge current when constant
potential charging is used. This latter effect is most pronounced at temperatures
less than 0°C. :

(9) The amount of ampere hour capacity delivered to a battery at the lower
plateau (Ag,0 plateau) is dependent on the current value and temperature. At
_ low charge currents, approximately fifty percent of nominal capacity will be de-
livered to the battery while at moderate rates this value will be less than 25%.
At low temperatures (~20°C) and high charge rates, the lower plateau does not
exist. :
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(10) Capacity maintenance on charged stand at room temperature is con-
~sidered superior to most secondary eleotrochemical systems, This is particu-
laxly true with respect to wniformity of capacity maintenance on a cell basis, In
one case, a battery stored charged for 1.8 years at room temperature delivered
{\70% of its initial ampera hour capacity.
(11) Reversal of liealad silver oadmium cells should be avoided, For ex-
ample, the intexrnal pressure of a five am))ele hour cell begins to rise aftexr a
0,16 ampere hour reversal. L

(12) Two silver cadmium batteries can be operated in parallel and the am-
pere hour capacity returned to each battery even though there was no equaliza-
tion of capacity during each charge and discharge.

(13) The energy density of flight batteries, including cells, case, potting
compounds, wiring and connectors ranged hetween 26WH/Kg. and 31WH/Kg. The
temperature rise of sealed silver cadmium batteries during oxbital shadows is
of the order of a few degrees Centigrade. Charging is endothermie.

- B, Short Orbits With Periods of 1.5 and 1.6 Hours

(1) Based on the characterization tests performed, sealed, three ampere

houx cells can be eycled in 1.5 hour orbits up to a 833% nominal depth of discharge.

At the temperatures of ~10°C, 25°C and 50°C the voltage clamp for constant po~
tential charging would be 1.60, 1.56 and 1.51 volts, respectively.

(2) During cycling, the three ampexe hour cells operated at a reduced capac-
ity. Most of the capacity loss occurred during the initial oycling. Iull capacity
could berestomd to tha battery during out-of-cycle capacity ochecks,

(3) TFlattening of the discharge curves during oyclmg, as experienced in long
orbits, did not occur dur in{, sholt: oxrbit oychng

N (:1) During long float charging wheve the ehzuge current tapeved to a low
value, the indtvidual cell voltages would unbalance, Valuas exceeding 1.7 volts
were observed. :

(8) During cycling, the ampere hour efficiencies appxoaohad 100%., Watt
hmu efficiencies were approximately 75%.

(6) There was a moderate temparatum rise, in the epoxy exxoapStll&tcd bat-
~ teries, during cycling. The temperature does stabilize after the initial cycles.



With 1 33% nominal depth of discharge at -10°C, the rise was 18°G, At 50°Q,
the temperature rise was 9°C. v

(7) One, three ampere hour battexry was cyeled to failure. This test was
performed at 25°C with a 16% nominal dept‘h of dlsclmrz,e. On eyole 7280, the
battery ruptured. : .

(3) Three, five cell, twalve .nnpum hour batteries.: were cyclad to failure,
These tests were performed at 0°C, 25°C and 40°C with a 25% nominal depth of
- discharge, First cell failures occurred at 4467 (26°C), 2972 (0°C) and 1978 (40°C)
oycles. Previous to failure, several of the individually sealed oells, in each test
wnit, developed leaks.
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Appendix A contains Cell Design Sheets for the Yardney Electric Corpora-
tion (YEC) and the Electromite Corporation. It also has cell design information
on some developmental cells that were cycled at the Naval Weapons Support
Center/Crane as described in Section Iil. The following definitions and abbrevi-
ations 'Iapply to the Cell Design Sheets. ~

(1) Standard Positive Composition - 90% Ag, 10% CdO (Sintered)

(2) Standard Negative Composition - 94.5% CdO, 5% Ag, 0.5% PVA Powder
(Pressed)

(3) Woven Nylon, Untreated - No treatment by YEC

(4) Woven Nylon - Proprietary treatment by YEC

(5) C19 - Silver treated cellophane

(6) PVA - Polyvinyl Alcohol Membrane

(7) Pellon - Non-woven nylon, usually 2506K

(8) Electrolyte fill in cc. ~ This is the initial fill, Some may be removed after
formation. See ref. 2.

(9) Typical Separator System Nomenclature

- Example: Positive Plate/Z—Woven Nylon, 6-C19, 2-Woven Nylon/Negative

Plate

The separator system, from a positive to a negative plate, is two layers of
woven nylon, six layers of silver treated cellophane, and two layers of
woven nylon.

(10) Half negatives - Placed on the outside of the separator/plate stack, adjacent
to the cell case. '
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CELL DESIGN SHEET

Cell Designation YS28-1NM Nominal Ampere Hours 2 <

Positives: 4 per éell o (
8.33H X 3.49W X 0.046T cm.

Composition Std

Weight (w/o tabs) 2.55 gm,

Silver grid identification Exmet 5Ag 15-1

Silver lead_ 2 'Wires, 0.040 ¢m., dia,

NEGATIVES: 5 per cell, 3 full thicknest and 2 half thickness
3. 33H x 3,49W x 0.112T cm. (full) x 0.060T cm. (half)
Composition Std |

Weight (with leads) 4,40 gm. (full) 2.43 gm. (half)

Silver grid identification Exmet 5 Ag. 15-1

Silver lead 2 Wires 0.40 cm, dia.

‘SEPARATOR SYSTEM

Positive
Plate

Negative
1-Woven Nylon, 5 le/ Plate

_Electrolyte: 45% Potassium Hydroxide
Cell Dimensions 5.48 H X 4.3 W % 1.49 T cm. Height to top of Terminal 6.48 cm.

Max. Wet Weight 70 gm.
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CELL DESIGN SHEET
Cell Designation YSES?C3A, NM Nominal Amperes Hours 3
Positives: 6 per cell | |
3.81H X 4.13W X 0,033T cm.
Compositioh Std
Weight (w/o tabs) 2.77 gm.
Silver grid identification Exmet - 5 Ag. 15-1

Silver lead 2 Wires, 0.040 cm, dia.

NEGATIVES: 7 per cell, 7 full thickness and 0 half thickness
3.({81H X 4,13W X 0,0637T cin. {full) X N/A T cm. (half)

| c§§mposit10n Std

Weight (without leads) 2.95 gm. (fullj N/A gm, (half)

Silver gkrida idéntification Exmet 5 Ag. 15-11

Silver lead 2 Wires, 0.04C cm. dia.
SEPARATOR SYSTEM

Positive /, A e : _/Negative
Plate / 2-Woven Nylon, 6 ,Clg, 2 Woven Nylol/ Plate

Electrolyte: 45% Potassium Hydroxide
Cell Dimensions 6.24H X 5.27W X 1,99T cm. Height to Top of Terminal 7.38 cm.

max. Wet,Weight 111 gm. High Rate 3 Ahr. cell used for 100 minute oxbits.
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H - CELL DESIGN SHEET
Cell Designation YS:?:S-INM ﬁ Nominal Ampere Hours 3
Positives: 4 per cell |
4,13H X 3.49W X .046T om.
; Composition Std |
Weight (w/o tabs) 3.95 gm.
Silver grid identification Exmet 5 Ag 15-1

Silver lead 2 Wires, 0.040 cm. dia.

NEGATIVES: -5 per cell, 5 full thickness and 0 half thickness
4.13H x 3.49w X 0.081T cm. (full) X N/A T cm. (half)
Composition Std ; | |

' Weight (mix only) 3.6 gm.‘ (full)‘ N/A‘ gm ;(llalf)
Silvor, grid identification Exmet 5 Ag. 15-1

Silver lead 2 Wires, 0.040 cm. dia.‘

SEPARATOR SYSTEM

Posiitive /| ‘ o |  /Negative
Plete / 2 Untreated Nylon, 5 C19, 177U1:1treated Nylox/ Plate :
N Electrolyte: 45% Potassi’um Hydroxide |

Cell Dimensions 6.32H X 4.3TW X 1.51T ¢m. Height to Top of Terminals 7.26

cm, Max. 'Design Obsolete. Positives pressed rather than sintered,
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4,18H X $.49W X 0.046T cm.

* Weight (with leads) 4.05 gm. (full) N/A gm. (half)

~Silver grid identification Exmet, & Ag. 15-1

 SEPARATOR SYSTEM

em. Max., Wet Weight 82 gm.

CELL DESIGN SHEET
Cell Designation YS3S-2NM Nominal Ampere Hours 3

Positives: 4 per cell

Conipositon Std

Weight (w/o tabs) 8.30 gm.

Silver grid identification Exmet 5 Ag. 15-1

Silver lead 2 Wires, 0.040 cm. dia,

NEGATIVES: 5 pev cell, 5 full thickness and 0 half thickness

4,13H X $.49W X 0.081T em. (full) X N/A T cm. (half)

Composition Std

Silver lead 2 Wires, 0.040 cm, dia.

Positive / , o B \ Nl / Negative
Plate / 2~Woven Nylon, 5-C19, ;Woven. Ny lon Plate

Elecrolyte: 40% Potassium Hydroxide, 14.5 ce.

Cell Dimmusions 6.32H X 4,837W X 1.51T em. Height to Top of Terminals 7.26
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CELL DESIGN SHEET
Cell Designation YS5S-2NM Nominal Ampere Hours 5
Posiﬁves: 4 per cell
3.81H X 4.13W X 0,071T cm.
Compos:ition Std
Weight (w/o tabs) 6.36 gm,
Silver grid identification Exmet 5 Ag. 15-1

Silver lead 2 wires, 0.040 cm. dia.

' NEGATIVES: 5 per cell, 5 full thickness and 0 half thickness

3.81H X 4.18W X 0.071T cm. (full) X N/A T cm. (half)
Cbmpositon Std -

Weight (without leads) 8.29 gm. (full) N/A gm. (half)
snv‘e‘f,grid identification Exmet 5 Ag. 15-1

S‘i;lver lead 2 wires, 0.040 cm. dia,
SEPARATOR SYSTEM

Positive ‘ ,. Negative
Plate / 2-Woven Nylon, 5-C19, 1-Woven Nylox/ Plate

Electrolyte: 45% Potassium Hydroxide, 18.5 ce.
Cell Dimensions 6.24H X 5.27TW X 1,99T cm. Height to Top of Terminals 7.38

cm. Max. Wet Weight 133 gm.
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CELL DESIGN SHEET

Cell Designation YS5S-4NM Nominal Ampere Hours 5

Positives: 4 per cell

3.81H X 4,13W X 0,071T cm.

Composition Std

Weight (w/o tabs) 6.36 gm.

Silvex grid idelltification Exmet. 5 Ag. 15-1

Silver lead 2 Wires, 0.040 cm. dia.

NEGATIVES: 5 per cell, 3 full thickness and 2 half thickness
3.81H X 4.13W X 0.152T cm. (full) X 0.102T cm. (half)
Compositon Std

Weight (without leads) 8.29 gm. (full) 5.59 gm. (half)

Silver grid identification Exmet 5‘Ag. 15-1

Silver lead 2 wires, 0.040 cm, dia.
SEPARATOR SYSTEM

" Positive ; L o Negative
Plate / 2-Woven Nylon, 5-C19, 1 Woven Nylox/ Plate

Electrolyte: 45% Potassium Hydroxide, 18.5 cc.

Cell Dimensions 6.24H X 5.27TW X 1.99T cm. Height to Top of Terminals 7.38

‘em. Max, Wet Weight 135 gm
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CELL DESIGN SHEET |

4
Ty

Cell Designation YS5S-5NM Nomihal Ampere Hours 5
Positives: 4 per cell

3.81H % 4.13W X o,/g«;ao’T em,

Composition Std |

Weight (w/o tébs) 5.33 gm.

Silver grid identification Exmet 5 Ag. 15-1

Silver lead 2 Wires, 0.040 cm. dia.

NEGATIVES: 5 per cell, 3 full thickness and 2 half thickness ,
3.81H X 4.13W X 0,163T cm. (full x 0.086T cm. (half)
Composition Std k

Weight (with le‘ads,) 9.7 gm, (full 5.2 gm. (half)

Silver grid identification Exmet 5 Ag. 15-1/0

Silver lead 2 wires, 0.040 cm. dia.

SEPARATOR SYSTEM

Positive / ' Negative
et / 1-Pellon P5, 5-C19, 1-Pellon pz/ Plate

Electrolyte: 40% Potassium Hydroxide, 23 cc.
Cell Dimensions 6.24H X 5 27W X 1,997 cm. He1ght to Top of Terminals 7.38

cm, Max. Wet We1ght 1.31 gm.
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GELI;; DESIGN SHEET
Cell Designation YSlOS-lNM , : Nox‘ﬁinal Ampere Hours 10
Positives: 4 per cell |
7.30H X 4,60W X 0.071T cm.
Composition Std '
| Weight (w/o tabs) 12.72 gm.
Silver grid identlfication Exmet 5 Ag. 156-1

Silver lead 4 whfas, 0.’04,0 cm. dia.

NEGATIVES: 4 per cell, 4 full thickness and 0 half thickness
7.30H X 4,60W X 0,137T cm. (full) X N/A T em. (half)
Composition Std
Weight (mix) 15.8 gm. (full) N/A gm. (half)

| Silver grid identification Exmet 5 Ag. 15-1

Silver lead 4 wires, 0,040 cm, dia.

SEPARATOR SYSTEM

 Positive s 5 h . /Negative
Plate / 1-Untreated Nylon, 5-C19, 1-Untreated Nylm:~ Plate

Electrolyte: 45% Potassium I‘Iydroxide, 38 ce.
Cell Dimensions 10.87H X 5.89W % 1.887T cm. Height to Top of Terminals 12.22

cm. Max. Wet Weight 260 gm. Design Obsolete
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CELL DESIGN SHEET
Cell Designation YS10S-2NM Nom_im&'Ampere Hours 10
Positives: ‘4 per cell
7.62H X 4,76W x 0,071T ocm.
C‘omposition Std
Weight (w/o tabs) 12.80 gm.
Silver grid identificati;m Exmet, 5 Ag. 11-1

Silver lead 4 wires, 0.040 éfm. dia.

NEGATIVES: 5 per cell, 5 ﬁﬁl thicknass and 0 half thicknessk
7T.62H X 4.76W X 0.127T cm. (full) X N/A T om. (half)
Composition Std |

~ Weight (with leads) 14.9 gm. (full) N/A gm. (half)

Silver grid identification Exmet 5 Ag. 11-1

Silver lead Silver Clad Copper

SEPARATOR SYSTEM

Positive /. . o - Negative
Plate / 1-Woven Nylon, 1-PVA, 3~G1$/P1am

E_ledt,rolyte: 38% Potassium IIydi~oxide, 40 ce.
Cell Dimensions 10.87 X 5,80W X 1,88T cm. Hei,ght to Top of Terminals 12.22

cm. Max, Wet Weight 257 gm.



CELL DESIGN SHEET

| Cell Designation YS10S-4NM ' Nominal Ampere Hours 10
Positives: 4 per cell

7.94H X 4,.84W X 0.056T cm.

Composition Std

‘Weight (w/o tabs) 10.26 gm.

Silver grid identi.?,cs,tt@n Exmet b Ag. 15-1

s

Silver lead Tab, 0

2 >¢(}001§I om,
i g !

N

NEGATIVES: 5 per c.cll, 3fu11 thickness and 2 half thiélmess
T.94H X 4.84W X 0.129T em. (full) X 0.071T cm. (half)
Compbsitidn Std | o |

~ Weight (with leads) 17 4 gm, (fuli) 9.4 gm. (half)

SﬂVer grid identification Exmet 5 Ag. 15-1 |

Silver lead 4 wires, 0.040 cm, dia.
SEPARATOR SYSTEM

Positive /., ; I ’ Negative
Plate / 1 Woven Nylon, 53-C19, 1 Woven Nylon/ Plate

Electrolyte: 40% Potassium Hydroxide, 89 cc.

Cell Dimensions 10.87H X 5.89W X 1.88T cm. Height to Top of Terminals 12.22

cm. Max. Wet Weight 245 gm.
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:GELL DESIGN SHEET -
Cell EDesignation YS11S-2NM(TA) Nominal Hours 11
iiposiéive;s: 6. ﬁer4ce11 a
7.94H X 4.84W X 0,038T cm.
Compbsiﬁon Std
Weight (w/o tabs)"a 7.1 gm,
Silver grid identification Exmet 5 Ag. 15-1

Silver lead Tab, 0.32 X 0.013 cm.

NEGATIVES: 7 per cell, 7 full thickness and 0 half thickness
7.94H X 4.84W X 0,079T cm. (full) X N/A T cm. (half)
Composition Std ‘

Weight (with leads) 10.7 gm. (full) N/A gm. (half)

Silver grid identification Exmet 5 Ag, 15-1

Silver lead 4 wires, 0.040 cm. dia.

SEPARATOR SYSTEM

Positive /_ o - /Negative
Plate / 1-Pellon, P5, 5-C19, 1-Pellon P./ Plate

- Cell Dimensions 10.72H X 5.83W % 2,06 T cm. Height to Top of Terminals 11.51

cm. Max. Wet Weight 254 gm.
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CELL DESIGN SHEET
Cell Designation YS11S-3NM(sh) | Nominal Anmipere Hours 11
Positives: 8 per cell
4.18H X 418W  0.066T om.
Composition Std
Weight (w/o tabs) 5.01 gm.
Silver grid identification Exmef £ Ag. 15-1

Silver lead Tab, 0.24 X 0.010 cm,

NEGATIVES: 9 per cell, 7 full thickness and 2 half thickness
4.131{ X 4.18W X 0.142T em. (full) X 0.076T cm. (half)
Composition Std

- Weight (without leads) 8.22 gm. (full) 4.87 gm, (half)

Silver grid identification Bxmct 5 Ag. 15-1/0

Silver lead 2 wires, 0.040 cm. dia.
SEPARATOR SYSTEM

Positiva / Sr R T o / Negative
Plate / 1 Pellon Pb, 5-C19, 1 Pellon P5 Plate

Electrolyte: 40% Potassium Hydroxide, 44 ce.
Cell Dimensions 6.28H X'5,26W X 8.82T cm. Height to Top of Terminals 7.41

cm. Max.
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- CELL DESIGN SHEET

Cell Designation YS125-2ANM(20)'" * Nominal Ampere Hours 12

Positives: 14 per cell
6.35H x 4.13W X 0.036T cm.

Composition Std

Weight (w/o tabs) 4.67 gm.

Silver grid identification Exmet 5 Ag. 15-1

Silver lead Tab 0.32 % 0,013 cm.

NEGATIVES: 15 per cell, 15 full thickness and 0 half thiéimess
6.35H X 4,13W X 0.071T cm. (full) x N/A T cm. (half)
Composition Std

Weight (without leads) 5.63 gm. (full) N/A g'm (halﬂ

Silver grid identification Exmet 5 Ag. 15-1

Silver lead 3 wires, 0.040 c¢m, dia.

 SEPARATOR SYSTEM

Positive Negative
Plate / 2-Woven Nylon, 6-C19, 2-Woven Nylox/ Plate

Electrolyte: ‘45% Potassium Hydroxide

Cell Dimensions 9.24H X 5,20W x 1.86T cm. Height to Top of Terminal 10.95

cm. Max.

(1) Denotes a 20 Ahr. case was used.
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CELL DESIGN SHEET
Cell Designation YS16S-4NM : Nominal Ampere Hours 16 -
Positives: 6 per céll
102H X 4.92W X 0.048T cm.
Composition Std
Weight (w/o tabs) 11.75 gm.
Silvér grid ii‘cifentlt‘ication Exmet 5 Ag. 15-1

Silver lead “Mab 0.32 X 0.013 cm.

NEGATIVES: 7 per cell, 5 full thickness and 2 half thiclmess
10,2H X 4, 99W X 0,102T em. (full) X 0.063T cm. (half)
- Composition Std
Weight (without leads) 16.2 gm. ’(i'ull) 10.9 g1, (hall)
Silver grid identification Exmet 5 Ag. 15-1

Silver lead 4 wires, 0.040 c¢m. dia.
 SEDPARATOR SYSTEM

Positive o/ Negative
Plate / 1 Pellon P35, 5-C19 / Plate

Electrolyte: 42% Potassium Hydroxids, 57 ce.
Cell Dimensions 13.64H X 5..,84;\\! X 2,06T cm, Height to Top of Terniinals 14.60

cm. Max. Wet Weight 342 gm.
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CELL DESIGN SHEET
Ceil Designation YSZO§—3NM ~ Nominal Ampere Hours 20
Positives: 16 per cell
6.35H X 4,13W X 0,043T cm,
Composition Std
Weight (w/o tabs) 5.99 gm,
Silver grid identification Exmet 5 Ag. 15-1

Silver lead 3 wires, 0.040 cm. dia.

NEGATIVES: 17 per cell, 17 full thickness and 0 half thickness

6.35H X 4,18W X 0.96T cm. (full) X N/A T cm. (half)

Composition Informat:ioxi Not Available
Weight (without leads) 8.94 gm. (full) N/A gm. (half)
Silver grid identification Exmet 5 Ag. 15-1

Silver lead 3 wires, 0.040 cm. dia.

SEPARATOR SYSTEM

Positive / / Negative
Plate / 1 Woven Nylon, 2-PVA, Z'C“/Pmte

Electrolyte: 45% Potassium Hydroxide, 65 cc.
Cell Dimensions 9.24H X 5,20W X 1.86T cm. Height to Top of Terminals 10.95

cm. Max, Design is Obsolete. Positives pressed rather than sintered.
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CELL DESIGN SHEET

Cel.l Designation YS40S-2NM Nominal Ampere Hours 40
Positives: 6 per cell

12.7H X 6.99W X 0.071T cm. /_ ‘
Composition Std | |
Weight (w/o tabs) 30.3 gm.

Silver grid identification Exmet 5 Ag. 15-1

Silver lead 6 wires, 0.040 cm. dia.

NEGATIVES: 7 per cell, 7 full thickness and 0 half thickness

12.7H X 6.99W X 0.129T cm. (full X N/A T cm. (half) ,
“Composition Std

Weight (without leads) 38.8 gm. (full) N/A gm. (half)

Silver grid identification Exmet 5 Ag, 15-1

Silver lead 6 wires, 0.040 cm. dia.
SEPARATOR SYSTEM

Positive /- ; e Neg‘a‘tive
 Plate : / 1-Woven Nylon, 2-PVA, 2-01‘9/ Plate

Electrolyte: 45% Potassium Hydroxide
Cell Dimensions 16.20H X 8.25W X 2.51T cm. Height to Top of Te‘rminals 17.98

cm. Max. Wet Weight 735 gm.




CELL DESIGN SHEET
Cell Desigqagion YS1158-1NM Nominal Ampere Hours 115
Pofsitives: 14 per cell
19,7H x 9.05W x 0, 48T om,

|
Composition Std

Weight (w/o tabs) 44.7 gm.
Silver grid identification Exmet 5 Ag. 15-1

Silver lead Tab 0,32 x 0,020 cm,

NEGATIVES: 15 per cell, 15 full thickness and 0 half thickness
1 19,7H x 9.05W x 0.107T cm, (full) x N/A T cm, (half)
Composition Std

= Weight (without leads) 61.25 gm. (full) N/A gm. (half)

- Silver grid identification Exmet 5 Ag. 15-1

Sk E;‘iux—;i,t i

Silver lead Tab 0.32 X 0.020 cm. -

Sk

b SEPARATOR SYSTEM

g.

‘] Positive / _ a / Negative
Plate 1 Woven Nylon, 3-PVA Plate ’
Electrolyte: 40% Potassium Hydroxide, 380 cc.

3 ' ~ Cell Dimensions 24.29H X 10.56W x 4.50T cm. Height to Top of Terminals

25.88 cm, Wet Weight 2.64 Kg.
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CELL DESIGN SHEET e
Cell Designation ;Sl’SOS-SNM Nominal Ampere Hours 150
Positives: 10 per cell |
19.7H X 9.04W X 0.081T cm.
Composition Std
Weight (w/o tabs) 74.3 gm.
Silver grid identification Exmet 5 Ag. 15-1

Silver lead Tab 0.32 X 0.020 cm.

NEGATIVES: 11 per cell, 11 full thickness and 0 half thickness
19.7H X 9.04W X 0.165T cm. (full) X N/A T cm. (half)
Composition Std

Weight (with leads) 100.5 gm. (full) N/A gm. (half)

Silvér grid identification Exmet 5 Ag, 15-1 |

Silver lead Tab 0.32 X 0.020 cm.

SEPARATOR SYSTEM

Positive ' Negative
Plate ~,ﬁ—Pellon P5, 3 PVA/ Plate

Electrolyte: 45% Potassium Hydroxide, 370 cc..
‘Cell Dimensions 24.50H X 10.60W X 4,50T ¢m. Height to Top of Terminals

26.00 Max. Wet Weight 2.91 Kg.
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CELI“ DkESIGN SHEET
Cell Designation YS300S-NM i Nominal Ampere Hours 300
Positives: 16 per cell |
22.2H X 10.8W X =T cm
Composition Std
'.Weight (w/o0 tabs) — gm.
Silver grid ide,ntification Exmet 5 Ag. 15-1 ’

Silver lead -

NEGATIVES: 17 per cell, 17 full thickness and 0 half thickness
22.2H X 10.8W X = T cm. (full) X N/A T cm. (half) |
C’on‘lposition Std |

Weight (with leads) — gm. (full)

Silver grid identification Exmet 5 Ag. 15-1

Silve'j: 1ead< | -

SEPARATOR SYSTEM

Positive
Plate

Electrolyte: 40% Potassium Hydroxide, 980 cc.
Cell Dimensions (case only) 28.3H % 12.4W X 7.8T cm. Height to Top of Terminal

29.8 cm. This is not the standard cell case.
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. . CELL DESIGN SHEET |

!
|

_ Ceﬂ Degignaﬁon'lﬁiectrémit@ -’ - Nominal Ampere Hours 7
Positives: 4 per cell B

4.85%{ X 4.85W X 0.102'1‘ cm.

Composition 90% Ag, 10% CdO

Weight (w/o tabs) - 9.3 gm.

Silver g'ridviAdentiification Not Available -

Silver lead Not Availéible, o

NEGATIVES: 5 per cell, 5 full thickness and 0 half thickness
4.98H X 4.98W X 0.162T cm. (full) X N/A T em. (half)
Composition 94.5% CdO, 5% Ag, 0.5% PVA

Weight (with leads) 13.5 gm, (full) N/A gm. (halfy

S.ilfr.er grid identificéﬁdn Not Available

Silver lead Not Available
- SEPARATOR SYSTEM

- P os‘1twek ‘1Pellon 2506 K4, 3-Fibré_us Sausage Casing Unglycerated Negative
S and Desulfonized Plate '

‘Electrolyte: 40% Potassium Hydroxide
Cell Dimensions (Case Only) 7.64H X 8.79W X 2.67T cm. Cell Weight, Wet

'2_50 gm,
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SPECIAY, CELL DESIGNS LIFE CYCLED AT NWSC/CRANE

Cell

Design

M

YS58-2NM See Cell Design Reference, Appendix A,

Same as 'YS558-2NM except one layer of calandered non-woven nylon
(PELLON 2506K) on Positive and Negative in lieu of woven materials.

Positives — 4 per cell
3.80H X 4,13W X 0.070T cm.
4.2 gm. Ag/ce. of electrode (low density silver)
Negatives — 5 per cell, 3 full thickness and 2 half thickness
3.80H X 4,13W X 0.165T em. (full)
X 0.086T cm. (half)
Composition — 93.9% CdO + 5% Ag + 1% Teflon + 0.1% Nylon Fibers.
Separator System _
Positive /One Layer Five Layers One Layer
Plate 2506K bag C-19 2506K U-TFold
2506K = PELLON calandered non-woven nylon
C-19 - Silver treated cellophane, PUDO 300
Grids — Expanded Silver Metal (EXMET)
Electrolyte — 40% Potassium Hydroxide

/ Negative Plate

Positives — 4 per cell
9.74H X 4.44W X 0.056T cm.
Composition — 100% Ag Powder
Silver Powder Density — 4.89 gm./cc
Grid — EXMET No. 5Ag15-1/0
Leads — one silver tab, 0.817 w X 0.018 t cm.
Weight (Lead not included) 22.89 gm.
Negatives — b per cell, 8 full thickness and 2 k. Llf thickness
9.74h X 4,44w X 0.135t cm. (full) :
X 0.071t cm. (half)

Composmon - 93 85% Cadmium Oxide Powde1

5.0% Silver Powder
1.0% Teflon
0.15% Nylon fibers
Cadmium Density — 2.80 gm./cc,
Grid — Same as Positive
Leads — two Ag wires, 0.041 cm, dia.
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Separator System
Positive / Cne Layer Five Layers  One Layer
Plate / 2504K bag C-19  2504K U-Fold / Negative Plate
2504K = PELLON calandered non-woven nylon
C-19 = Silver treated cellophane. PUDO 300
Electrolyte — 40% Potassium Hydroxide
Third Electrode
Type — American Cyananide Type AB-6X with hydropobic film,
Position - Perpendicular to positive and negative plates,
Separation form cell pack — two layers of non-woven nylon.
Separation on gas surface — Vexar plastic netting 15 ADS
129 NL (Polyethylene)
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: APPENDIX B
i  SILVER PLATE ANALYSIS FOR CHARGED

AND DISCHARGED PLATES
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1. ANALYTICAL PROCEDURE FOR SILVER PLATES

The procedures followed in obtziining the analyses are detailed below,

1.1 Sample Preparation
The electrodes were carefully removed from the supplied battery by cutting

the plastic casing. The samples were cleaned in distilled water and were dried
in an oven maintained at 110°C,

1.2 Tatal Silvex

A 0.2 gm sample was transferred to a 400 ml beaker and was dissolved in
1:1 nitric acid (approximately 30-50 ml), The resultant solution was diluted to
200 ml and titrated with N/10 KCNS solution according to Volhard's method!

using a ferrvico indicator. The veactions that take place during titvation are given
below: :

AgNO; + KCONS = KNO; + AgCNS
Fe(NOg)s + SKCNS = SKNO; + Fa(CNS)snen

Totaik silver present in the sample was calcul’ated as shown below:
1 ml N/10 KCNS = 10, 79 mg of silver |

(ml of N/10 KCNS) (10.79) = mg of silver in the test sample

1. 3 Ammonia Soluble Silver (Total Silver Oxides)

From the bulk ground sample, 0.2 gm was transferred to a 2560 ml beaker,
The sample was dissolved in 1:1 ammonia solution. The solution was acidified
with nitric acid and titrated with N/10 KCNS according to Volhard's method’
using a ferric indicator. In this method, since the metallic silver remains
- insoluble, the amount of silver precipitated is present as silver oxides.
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1.4 Silver Peroxide (AgO)

The oxalate method was used for AgO determination.? A 0.2 gm sample was
dissolved in 1:10 H>80O in the presence of a measured amount of oxalic acid. The
excess oxalic acid was titrated with potassium permanganate. A blank sample
was also run. The volume difference in the amounts of titrant between the test
sample and the blank was used to compute AgO.

2AgO + H,S04 + (COOH),= Ag,S04 + 2H,0 + 2C0,
1 ml N/10 (COOH), = 12.39 mg of silver

1.5 Total Loss on Ignition

A sample size of 0.4 gm was weighed into a sample boat of carbon and hydro-
gen combustion train. The apparatus was connected to pre-weighted hydro-
gen and carbon dioxide adsorption tubes. The sample was then heated gradually
to 700°C and held at that temperature for 15-20 minutes. The total loss due to
ignition was determined by noting the difference in the boat weight before and
after test. The weight increase in the hydrogen adsorption tube was taken as the
water content while the weight gain in CO; tube was taken as carbonate content
of the sample. The difference between the sample weight loss and the combined
water and carbonate values gave the oxygen content of the sample. This figure
included both the adsorbed and combined oxygen (as silver oxides) values.

1.6 Absorbed Oxygen

Ten gm ground sample was flushed with nitrogen in a high vacuum system
for 20 minutes. The outlet gases were collected in a large evacuated container
and the percent of oxygen present in the collected gases was determined by Gas
Chromatography using a molecular sieve column, helium as carrier gas and
cross section detector.

1.7 Silver Oxide (Ag,0)

The amount of silver oxide (Ag,0) was determined as follows: First, the
total oxygen content of the lest sample was determined. This was followed by

‘the determination of adsorbed oxygen. The amounts of oxygen combined with

silver (as oxides) were then computed.

Total oxygen - adsorbed oxygen = oxygen combined with silver
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This amount of oxygen was assumed to be combined with silver partly as ApQ
and partly as Ag,0. The amount of AgO was dotermined by oxalate methed,
The remataing oxygen not combined as Ag0 was assumed to ba present as Ap,0,

1.8 Potassium

A two gm semple was soaked in distilled watex for 30 minutes. The resultant
solution aftex four docantations was aold titrated, and the amount of potassium
prasent in the sampls was galoulated as KQH,

1.9 Gadmium

Cadmiun was datermined by emission spectroscopy using the Jarrell-Ash

moter grating spastrograph., Puro gadmium oxtde was mixed with silver oxide
to pive standards of approximatoly the same matrix composition as the electrode

sample, Lead as ved oxide (Phy04) was added in equal amounts to both the stand-
ards and the test samples. Both standards and tho samples were excited in a DO
are at 17 ampores using a 10% step filter and burn thme of 56 seconds. The emit-
ted lines wuoro recorded on a spectrograph plate {(SA No. 1) in the ultraviolot
rogion {(2800-840048). The vatio of intansitivs of the cadmium line at 3261.1A

ond the lead line at 2638.88 wore measuved on a Jarrell-Ash microdensitometer
and plotted against the concontration of cadmium to obtain o stamdard cuvve, 'The
ratio intensities of tho linos wore detexmined and used to estimate the amount of
gadmium in the olectrodes.

1. Scott's Standard Methods of Chamical Analysis, Volume 1, Fifth Edition,
- Divan Nostrand Company, Ine., Now Youk, 1954, ‘

2, Kolthoff and Stonger "Volumetric Analysis" Vohmm 1, Tntel‘—bt‘ieno Pub-~
lishers, Int., Naw York.
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