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FOREWORD

This is the final technical report prepared by Radian Corporation,

Austin, Texas, under Air Force contract F33615-71-C-1773 concerned

with determining the feasibility of using a pulse charging technique

to predict the state-of-charge of zinc-mercuric oxide cells and

batteries. Program funding and technical assistance in carrying out

of this effort was provided by Maj C. Brown of the Aeronautical
Systems Division (ASD/SML). The program was technically directed

by Mr. R. A. Marsh, Project Scientist, Air Force Aero Propulsion
Laboratory (AFAPL/POE-1). This report was submitted by the author

in March 1972. Publication of this report does not constitute Air

Force approval of the reort's findings or conclusions. It is

published ouly for the exchange and stimulation of ideas.

JAMES D. REAMS

Chief Energy Conversion Branch

Aero Propulsion Laboratory
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ABSTRACT

The feasibil.ty of using a short duration, high
current, constant voltage pulse charging technique to predict

the state-of-charge of zin..-mercur>: oxide cells and batteries

was examined in this investigation. RM828 and RM1NCMC single

cells and ten cell batteries composed of RLMINCMC cells were

tested at both 70'F and 32'F. The approach ,sed in this study

was (1) determine the test parameters which provided the

17greatest variation of the test variable (Ai) as a function of

state-of-charge, (2) construct a standard curve for each bat-

tery and temperature of interest by testing new batteries in

various states-of-charge, and plotting the response of the

test variable as a function of state-of-charge, (3) test un-

known batterieŽs and match their test response to the standard

"curve to yield a predicted state-of-charge, and (4) discharge

the unknown batteries to determine their true state-of-charge

at the time of the test, and compare this value to the predicted
P13 state-of-charge. The results of this study were extremely-t encouraging. Even though this was only a feasibility study,

this technique was able to predict the state-of-charge of
_ji RM828 cells at 70'F and 32 0 F with a standard deviation of only

6.7%. For the ten cell RMINCMC batteries at 320, the standard

deviation was only 3.4%. In addition, whenever the test pre-
dicted that a cell or battery was lebb than eighteen percent

discharged, in no case for any cell or battery did the actual

percent discharge exceed that value by more than five percent.

This is extremely important in terms of a practical state-of-

charge indicator.
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SI. INTRODUCTION

This report describes an investigation to determine

the feasibility Pf. measuring the state-of-charge of zinc-

mercuric oxide batteries with a new pulse charging technique.

Snc-mercuric oxide batteries (hereafter referred to

by their more common name mercury batteries) have good voltage

stability and high energy density, and are thus attractive

power sources for portable communications equipment. They

have the big disadvantage that there is presently no means to

reliably predict the amount of "life" a particular battery has

-' left. As a result, many good batteries are discarded as a

-- preventiVe maintenance step, thereby increasing battery costs,

or what is far worse, a pilot may be left in an emergency

situation with inoperative communications equipment.

Three types of mercury cells were specified for

testing in this feasibility study, the PM828 cell which is used

in the PRC-9C battery for the AN/PRC-90 Survival Radio, the

RM-lNCMC cell which is used in the RT-10 battery for the AN/ACR

RT-1O Survival Radio, and the RM3WA cell which is used in the

URC-64 battery for the AN/URC-64 Survival r.adio. In addition

to single cell tests, ten cell batteries each composed of ten

RM-lNCMC cells were tested to determine the response of multi-

cell batteries to this test. All tests were conducted at both

"70OF and 32'F.

The basis of this test method is a constant voltage,

high current, very short duration charging pulse which is

applied to the cell or battery being tested. The current.--time

trace during Lhis charging pulse is the parameter of interest.



To measure state-of-charge, some parameter must be found which

varies in a regular, predictable manner with state-of-charge.

f Radian found in an in-house study on a state-of-charge test

for mercury cells that the current-time trace during a constant

voltage, short duration pulse is strongly dependent on the

state-of-charge of the cell being tested.'

The following sections describe the test methods,

experimental results, and conclusions obtained from this

feasibility study.

A -
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II. EXPERIMENTAL METHODS

A. Test Procedure

To aid in understanding the test equipment and test

parameters described in the following section, the test sequence

which evolved from this study will be described.

(1) The cell is placed in the cell holder

and a start button depressed.

(2) The circuit automatically discharges

the cell for 16 seconds across a I
(100I for a ten cell battery) resistor.

The operator records the discharge

voltage (displayed on a digital volt-

meter) at the end of the discharge

ep riod.

(3) After the end of the discharge, the

circuit delays 200 milliseconds, then

pulse charges the cell to 1.50 volts

(15.0 volts for a ten cell battery)

.. for 55 milliseconds, delays 105 milli-

seconds, and again pulse charges the

cell to 1.50 volts for 55 milliseconds.

The operator opens the shutter on an

oscilloscope camera during the last

few seconds of the test to record the
two current-time traces and the cell

voltage during the charging pulses.

Vo, -3-



(4) The cell is removed from the holder,
and the pertinent data extracted from

the current-time curves which are
recorded on the Polaroid film.

A plot of cell voltage as a function of time during
the test is helpful in describing the test environment as seen

by the test cell. Such a diagram is shown in Figure 1. Note
that the time scale is not linear.

B. Test Circuit

It wa& found in previous work on a state-of-charge
test for RM-42R mercury batteries that it was advantageous to
subject a battery to a brief, high current discharge as a

conditioning procedure immediately prior to application of the
charging pulse.' A test instrument to apply the charging pulse
to the battery had been devised and constructed during the

earlier work. To facilitate the optimization of the test
parameters for the cells of interest in this study, an auto-
matic timing and discharge circuit was added to that test
instrument. This system permitted selection of the desired

discharge load, discharge time, delay time between end of dis-
charge and beginning of charging pulse, cell voltago during

the charging pulse, and time duration of the charging pulse.

A block diagram of this test circuitry is shown in
Figure 2. The start button triggers a timing circuit which

controls the discharge time and the delay time between dis-
charge and charging pulse, and then sends two triggering pulses
to the Tektronix 453A oscilloscope. This results in two

K• charging pulses being applied to the battery. The oscilloscope

-'4-
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is used not only to record the test data (via a C-30A Tektronix

camera), but also to control the duration of the charging pulse.

This is accomplished via the output signal available at the B-

gate of this oscilloscope. This output signal is essentially

a square wave pulse whose duration can be set by control knobs

on the oscilloscope.

A diagram of the pulse tester is shown in Figure 3.

The heart of this system is a 72741P operational amplifier.

The positive input to this amplifier is a 1.) volt signal (15

volt for ten cell batteries) whose duration is controlled by

the signal from the oscilloscope B-gate. The negative input is

the voltage of the battery being tested. When no signal comes

from the B-gate, the amplifier is turned off, which keeps the

transistors 31A and the two parallel 35A's turned off. When

a signal is sent from the B-gate, a 1.50 volt signal (adjust-

able at potentiometer A) enters the positive input, which turns

on the amplifier, which in turn turns on the transistors. As

the transistors turn on, charging current is forced into the

test battery by the 24 volt power supply, and this charging

current polarizes the test cell. (The path of the charging

current is shown by heavy lines.) The test cell voltage is

fed into the negative input of the amplifier. The amplifier

compares the test cell voltage to the 1.50 volt input, and

continues to turn on the transistors until the charging currft

is of such magnitude that the test cell is polarized to the

voltage whi-.h is fed to the positive input of the amplifier,

namely, 1.50 volts. As long as a signal is received from the

B-gate, the amplifier controls the charging current at such a

level as to keep the cell voltage at 1.5 volts. The current

"required to accomplish this polarization decreases with time,

and this current is monitored by measuring the iR drop across

resistor R and feeding this to channel 2 of the oscilloscope
-

oi • . 7 -.
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whLere the current-time trace is recorded on film. The cell

voltage during the charging pulses is recorded on channel 1
of the oscilloscope.

A diagram of the cell discharge load circuit is shown

in Figure 4, and is self explanatory.

The timing and control circuit is a digital circuit
whose diagram is shown in Figure 5. This circuit can be
adjusted to provide discharge times from 0.2 to 25.6 seconds
and delay times from 0.2 to 25.6 seconds.

Figure 6 shows a diagram of the single-cell holder
used in this study. This is essentially a small C-clamp with
an insulated plate on the bottom which acts as a contact for
the positive pole of the cell. As the clamp is tightened, the
cell is rotated with the fingers to assure a wiping contact
at both positive and negative poles. Very little actual pres-
sure is applied with the clamp because of the possibility of
damage to the cell. This special holder was constructed because
earlier work had shown that it is important to minimize contact
resistance. When ten cell batteries were tested, soldered
connections to the battery leads were used.

C. Test Parameters

As noted earlier in the description of the test
procedure, one of the recorded test parameters is the cell
voltage immediately before the end of the discharged period.
This voltage is displayed on a digital voltmeter, and is
recorded by the operator. By itself, this discharge voltage (Ed)
is a poor indicator of state-of-charge, but when used in

"-9-
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conjunction with other measurements it can prove useful as a
"screening" method. This will be discussed in detail in a

later section.

The remainder of the test data for a particular cell

is collected in the form of a Polaroid picture of voltage-time

and current-time traces during the two charging pulses. Figure

7 shows the type of data obtained during each test. The volt-

age of the test cell before, during, and after each charging

pulse is shown, as is the charging current before, during, and

after each pulse. Since the cell is polarized to 1.50 volts

during each pulse only one voltage-time trace (heavy line)

is apparent during the pulse, but this actually represents two

superimposed traces. Two current traces are shown. Before

and after the pulse the current is zero, so the two current

traces are superimposed during those periods. During the pulse,

however, the current-time traces are different, the first pulse

invariably being the higher current pulse. It can be seen from

Figure 7 that there are a number of parameters relating to the

current-time traces, and all of these were found to vary with

state-of-charge. The only ones which varied in a regular man-

ner, however, were Ai, the initial current of trace 1 minus the
final current of trace 1, and i,-i., the current of trace 1 at

10 milliseconds minus the current of trace 2 at 10 milliseconds.

Some actual photographs of test data are shown in

Figure 8. Picture (a) shows an old PMINCMC cell at 14% dis-

charge. Picture (b) shows a fully discharged RM1NCMC cell.

In both of these pictures, the voltage is 0.5 volts/div, the

current is .0715 amp/div, and the time is 10 msec/div. Picture

K (c) shows a battery composed of ten old RMN1CMC cells at 18% dis-

charge. Picture (d) shows a battery composed of nine good cells

K at full charge and one bad cell. In these pictures, the voltage

is 5.0 volts/div and the current and time are the same as above.

-13-
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D. Discharge Parameters and Discharge Circuit

The following discharge parameters were specified

fcr the cells used in this study.

RM828 - 55 mA constant current discharge to
an end voltage of 1.00 volts per cell.

"RRM3WA - 85 mA constant current discharge to

an end voltage of 1.00 volts per cell.

RMlINCMC - 60 mA constant current discharge to

an end voltage of 1.08 volts per cell.

A discharge circuit was devised and constructed for

discharging one oc ten cell batteries at any desired constant

current discharge, with a cut-off at any desired end point

-* voltage. This circuit has three channels so that three cells

can be discharged simultaneously, each with its own required

discharge current and end point voltage. A block diagram of

this circuit is shown in Figure 9. This is basically a digital

circuit whose detailed circuit diagram is given in Appendix 1.

The discharge current can be set with an accuracy of 0.1 milli-

amp and the end point voltage can be set with an accuracy of

1 millivolt. This circuit requires external power supplies of

+5 DC, ±15 DC, and 115 AC. This apparatus was particularly

useful since the decade counters store the discharge time

required to reach the end point voltage. Thus batteries could

be put on to discharge during the night and the discharge times

S-could be recorded ti a next morning .

-16-
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E. Construction of Standard Curves

Once a parameter has been found which varies in a
regular manner with state-of-charge, a graph of this parameter
as a function of state-of-charge can be prepared and used to
predict the state-of-charge of unknown cells which are sub-
sequently tested. This is done by measuring the parameter of
interest for the unknown cell, plotting this value on the

graph, and noting the percent discharge at which this plotted

point lies.

The graphs or "standard curves" for the cells of
interest in this study were prepared as follows.

1. Standard Curves for Single Cells

Three sets of new cells were used. One cell in each
set was not discharged. One cell in each set was discharged
at the specified constant current for one hour, another for
two hours, another for three hours, and so on until the end
point voltage was reached on the list cell before its speci-

fied number of hours of discharge was complete. All three sets
of cells were then allowed to stand at 70'F for at least a

week. Each cell was then tested as described in section A.
The cells were then allowed to stand at least 24 hours at 32cF,
and within 15 seconds after being removed from the c~oler each
cell was tested again as described in section A. The test

results for the three series of cells were averaged for each
discharge point, e.g., the results for the three cells dis-
charged one hour were averaged, and these averaged results were
plotted versus percent discharge to yield a 70'F standard curve

and a 32 0 F standard curve. Actually three lines occur on each

-18-



graph, A, i 1 -i' 2 , and Ed versus state-of-charge. The cells
which made up these curves had not been discharged to deter-

mine their true state-of-charge at the time they were tested.
L The standard curves thus reflected the apparent state-of-charge

of the cells based on their initial discharge time. Because of

this, these curves are referred to as "uncorrected standard
S~curves"

ii,
Next, all cells were discharged on the discharge

apparatus described in section D to determioe their actual

state-of-charge at the time they were tested. For each cell,
the actual discharge time was added to the initial discharge

time to obtain a total discharge time or total "life" for that

"particular cell. This value was used as a check on the quality
of that cell. Any cell exhibiting a total discharge time

significantly lower than the other cells was judged substandard,

and the test points (61, il-io, Ed) collected from that cell

were not used. The test data collected earlier were re-
plotted on the basis of actual discharge times to yield "cor-
rected" standard curves. The data from each cell of the three

series was plotted individually. Cells which were all initially

discharged the same length of time often did not plot at the

same percent discharge due to differences in actual discharge

time. The 100% discharge time was defined by the cell which
exhibited the longest life during a continuous discharge from
full charge to the end point voltage. Six cells were discharged

in this manner during collection of data from the three series

of cells. Only the corrected standard curves were used in

predicting the state-of-charge of unknown cells.

-19-



2. Standard Curves for Ten-Cell Batteries

Three ten-cell batteries were prepared using new

cells. Each battery was tested at 70'F and 32 0 F (as described

in section A) in the full charge condition, discharged one

hour and allowed to stand four days, tested again, discharged

another hour, etc., until the end point voltage of the battery

was reached. The total discharge time of the battery which

lasted the longest defined the 100% discharge time. The delay

between discharging the battery and testing it was to allow

the battery to stabilize after the discharge. It was found

that if tested shortly (e.g., less than a day) after being

discharged for one hour, the battery would appear (based on

0i) to be more discharged than it actually was.

The test values for ai, i,-i., and Ed were plotted

for each battery at each discharge point (based on actual dis-

charge time) to yield standard curves at both 32 0 F and 700 F.

Since all the data points did not fall on a single line, two

dotted lines were drawn to show the "spread" of the data. A

solid line was drawn between these to show average behavior,

and this line (6i) was used to predict the state-of-charge of

unknown batteries.

F. Test Cells and Batteries

New cells were obtained from the Mallory Battery

Company. Old cells were obtained from the Radio, Beacons, and

Batteries Group at Kelly Air Force Base, San Antonio, Texas.
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A
III EXPERIMENTAL RESULTS

4 A. Optimization of Test Parameters

The test procedure which evolved from this study was
outlined in section II-A. The tests by which tnat procedure

was devised are described here.

It had been observed in earlier work that a brief

discharge prior to pulse charging the battery was advantageous.

This conditioning procedure presented three parameters to be

optimized, namely, the resistance (RL) through which the cell

would bQ discharged, the length of time (tdis) the cell would

be discharged, and the delay time ktdel) between the end of

the discharge and the initiation of the charging pulse. The

charging pulse itself also presented two parameters to be

optimized, the voltage to which the cell would be polarized

(EP) and the length of time the charging pulse would be ap-

plied to the cell (tp).

When it was decided to add a second charging pulse,

an additional parameter was added, namely, the delay time

between the end of the first pulse and the beginning cf the

second (At).

"Before any of the above test parameters could be

optimized, some variable must be known whose response to changes

in the above test parameters would be monitored. This variable

must of course vary with state-of-charge, and the optimization

actually consists of getting the meximum change in this variable

K as a function of state-of-charge. To express this another way,

•~- 21-
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if a plot of some variable versus state-of-charge yields a

line whose slope is not zero, the optimization of the test

parameters consistE of finding those particular test condi-

tions which yield a maximum value for the slope of that line.

Earlier work had shown that several if the variables

relating to the current-time trace did exhibit a variation with

state-of-charge. The first step was to determine which of

these was most promising as a state-of-charge indicator.

Referring back to Figure 7 on page 14, the variables which

were examined were:

(1) initial current of pulse 1 - ii

(2) final current of pulse I - if

(3) initial current of pulse 1 minus

final current of pulse I - Ai

(4) current at time t during pulse 1

minus current at time t during

pulse 2 - i1-i2.

It is noteworthy that the second charging pulse was not added

to the test until after the optimization of the other test

parameters had been completed. Thus (4) above was not originally

considered in the optimization.

To summarize, there were originally five test

A parameters (RL, tdis, tdelI Ep and tp) to optimize to obtain

the maximum response in one of the three test variables (ii,

if, and Ai).
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It is noteworthy that there are other considerations

besides getting the optimum response in the test variables

when it comes to choosing the range through which the test

parameters might be evaluated. For example, the smaller RL is
and the longer tdis is, the greater the quantity of charge

removed from the battery by the test itself. Since it is
clearly desirable to minImize the "draining'" of the battery,
a charge removal of one half of one percent of the total charge

output capability of the cell was selected as the maximum

allowable discharge. At the specified discharge conditions,
all of these cells have a capacity near 3000 amp-seconds.

Thus the discharge should remove less than 15 amp-seconds from

the cell.

In the case of the delay time tdel, the circuit

itself imposed a lower limit of 200 milliseconds.

The greater % is and the longer t p is, the greater

the amount of charge which will be put into thq battery. Since

the zinc-mercuric oxide reaction is not readily reversible (the
battery may be damaged by extended charging), it was considered

desirable to minimize this charging of the battery. Actually,

the charging pulse is so brief that very little charge is put
into the battery. For example, a fully charged cell might

typically receive only 0.004 amp-seconds charge during a 1.5
volt, 55 millisecond charging pulse. Nevertheless, it seemed

desirable to minimize the pulse voltage Ep to avoid triggering
some irreversible, damaging change in the cell.

In light of the above considerations, the following

range of parameters was evaluated.

RL - 20a to hi
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ti- I sec to 16 secStdis

tdel - 6 sec to 0.2 sec

p • - 1.4 volts to 1.6 volts

tp - 20 milliseconds to 110 milliseconds

One series of cells, discharged in one hour intervals, was

prepared for each of the three types of cells.

For the purposes of this feasibility study, the time

and expense required to conduct a statistically designed
experiment to simultaneously optimize all the test parameters

was not justifiable. Instead, the following approach was

adopted. The parameters relating to the charging pulse (Ep
and t a ) were optimized first, using no prior discharge. After

values for and -. w had been selected, the parameters relating

to the discharge (RL, tdis, tdel) were optimized. Next the

charging pulse parameters were varied in each direction from

the values chosen earlier, using the optimized discharge, to

see if the test was improved, i.e., the charge parameters

were re-optimized using the selected discharge parameters.

After it was decided to add a second charging pulse,

the parameter At was optimized without varying the previously

chosen test parameters. The variable of primary interest

during this particular optimization was i 1 -i' 2 .

The optimization was begun by determining the

optimum test parameters for one type of cell at 700 F using the

approach outlined above. After the optimum values for the test

-24-
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parameters had been found for this type cell, these values were

used as starting points for the optimization of this type

call at 324F and the other two type cells at 70cF and 32 0 F.

Specifically, the test parameters were varied one at a time in

each direction from the selected values to determine if the

test results were improved for the cell and temperature involved.

The optimized parameters obtained with the single
cells were used as starting points for the optimization of the

i !ten-cell battery test parameters in that an attempt was made to

make each of the ten cells see the environment it would see if

it were being tested alone. Sitice the ten cells were in series,
RL was multiplied by ten, tdis was unchanged, tdeI was unchanged,

Ep was multiplied by ten, tp was unchanged, and 6t was unchanged.
The parameters were then varied one at a time in each direction

from the starting values to see if the test results were im-

proved.

The optimization was begun using the series of RM828

cells. The combination of E and t p was optimized first.

Three E values were examined, 1.40, 1.50, and 1.60 volts.

Three tp values also were examined, 20 msec, 55 msec, and 110

msec. It was found when examining the pulse time (tp) that

the current-time trace eventually reaches a steady state for

any Ep value. This is illustrated in Figure 10. Once the

current-time trace stabilizes, no additional information can
be gained by continuing the charging pulse. Also, as discussed

earlier, it is desirable to minimize the area under the current-

time curve. With these considerations, the optimum value for

tp was found to be 55 milliseconds.

As expected, ii, if, and Ai increased with pulse

voltage E p The rate of change as a function of state-of-

-25-
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charge for these variables was more erratic at 1.4 volts than

at 1.5 volts or 1.6 volts, the latter two being much more

regular and approximately equal in rate of change. Therefore,

in line with the earlier policy of minimizing the charge put

into the battery, 1.5 volts was selected as the optimum pulse

voltage.

Given an F• of 1.5 volts and a tp of 55 milliseconds,

initial discharge parameters of RL = 20Q, tdis = 1 sec, and

tdel = 6 sec were chosen. As RL was decreased, the results

3+ of the test improved, likewise, as tdis was increased the
test improved, and as tdeI decreased, the test improved. The

restrictions discussed earlier on the quantity of charge which

could be removed from the cell limiteil the decrease in RL to

a final value of 10 and the increase in tdis to a final value

of 16 seconds. The minimum tdeI which could be achieved with

the test circuit was 0.20 seconds. Thus considerations other

than obtaining the maximum response in the variables of

interest fixed the optimum discharge parameters at RL = i),

tdis = 16 seconds, and tdel = 0.2 seconds. It is noteworthy

that the response obtained in the variables of interest using

the test parameters given above, while possibly not the very

optimum, was certainly sufficient for the purposes of this

feasibility study.

The optimized test parameters given above were used

as starting points for the RM828 cell at j2'F. Again the 1.50

volt pulse (Ep) and 55 millisecond duration (tp) were found to

be best. Because of the same limitations on discharge and

circuitry discussed above, RL = lf, tdis 16 seconds, and

tdel = 0.2 seconds were again selected as the optimum discharge
parameters.
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These same test parameters were used as starting
points for the RM3WA and RM1NCMC cells at both 70OF and 320 F.

In every case, a 1.5 volt E and a 55 millisecond tp were
selected. The same considerations discussed above led to

optimum values of RL - 1Q, tdis = 16 sec, and tdal = 0.2 sec

being chosen.

After it was decided to add a second charging pulse,

another parameter (6t) had to be optimized. It became quickly

apparent with all t.Lree types of cells that minimizing At

yielded the greatest variation in i,-i. as a function of state-

of-charge. Because of limitations in the circuitry, the

minimum At which could be obtained was 105 milliseconds. This

value was used for all cells.

In developing the optimum test parameters for ten

cell batteries, an attempt was made to make each cell of the

battery "see" the same test environment as if it were being

tested as a single cell. Accordingly, initial test parameters
of RL = i(, tdis = 16 s, t tdeI 0.2 sec, E = 15 volts,

Stp = 55 msec, and At = 105 msec were cl'iosen. It can hP seen

that all time intervals are the same as for single cells,

while RL and E have both been increased by a factor of ten to
accommodate the ten cell bacteries. The current-time trace

was stabilized for bot" batteries after 55 msec, so this time

was chosen for t p To minimize charging of the cells, an

of 15.0 volts was chosen. RL, tdis, tdel, and At each could

only be varied in one direction because of the limitations

discussed earlier. In each case, such a variation did not

improve the test results for the two types of batteries tested

(RM3WA and RMINCMC).
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B. RM828 Single Cell Results

1. Standard Curves

Considerable problems were encountered in obtaining
high quality cells for use as standards. Of the first batch

of fifty new cells, only six cells exhibited the proper open

circuit voltage, while twelve cells had an open circuit voltage

below 1.2 volts. None of this batch of cells was used. The

next batch of cells received all exhibited the proper open

circuit voltage, however, the lack of uniformity in the capacity
of these cells was disappointing. Six of these cells exhibited

discharge times ranging from 740 minutes to 795 minutes when

discharged at 55 milliamps to an end point voltage of 1.00

voits, a variation of approximately 7%.

Table I shows the discharge data for the first three

series of cells prepared for the construction of standard

curves. Table II shows the 70OF test data for these cells.

It can be seen that only Li, i,-i., and Ed are listed in this

test data. ii and if were found to vary in an irregular manner

with state-of-charge for all the types of cells, rendering them

useless for prediction of state-of-charge. if-i2 was found to

* vary in a fairly regular manner for new cells, however, the

slope of i 1 -i' 2 versus state-of-charge was so low that this

curve was of limited usefulnesi. in predicting state-of-charge.

Ed varied in a regular manner with state-of-charge for new

cells which had been recently discharged. As will be seen,
however, old cells which had "run down" over a long period of

time exhibited wide variations in Ed.

The data in Tables I and II were used to construct
an uncorrected standard curve as outlined in section II.E.1.
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TABLE I

RM828 Discharge Data - Standard Cells

Discharge Data - 1st Series of Cells

(55MA Constant Current Discharge, 1.00 End-Point Voltage)

CelliNo. 0 1 2 3 4 5 6 7 8

Disch. Time 0 60 120 180 240 300 420 600 762

End Voltage 1.42 1.29 1.19 1.18 1.16 .1.15 1.10 1.05 1.00

Discharge Data - 2nd Series of Cells

Cell No. 0 1 2 3 4 5 6 7 8

Disch. Time 0 60 120 180 240 300 420 600 740

End Voltage 1.41 1.30 1.20 1.18 1.17 1.15 1.12 1.06 1.00

Discharge Data -, 3rd Series of Cells

Cell No. 0 1 2 3 4 5 6 7 8

Disch. Time 0 60 120 180 240 300 420 600 742

End Voltage 1.41 1.30 1.20 1.19 1.15 1.16 1.13 1.11 1.00

(Note: All times ii minutes)
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TABLE II

RM828 - 700 Test Data - Standard Cells

"Test Data - 1st Series

Cell No. 0 1 2 3 4 5 6 7 8

61i (amps) .075 .062 .10 .13 .13 .14 .16 .20 .24

Disch. Voltage .74 .63 .60 .60 .57 .55 .56 .55 .45

i1 -i2 (amps) .019 .019 .036 .046 .045 .050 .055 .057 .055

Test Data - 2nd Series

Cell No. 0 1 2 3 4 5 6 7 8

4i (amps) .066 .058 .075 .12 .13 .12 .16 .18 .27

Disch. Voltage .73 .61 .60 .58 .58 .56 .55 .55 .40

ii-i (amps) .026 .023 .027 .035 .035 .040 .056 .053 .050

Test Data -3rd Series

Cell No. 0 1 2 3 4 5 6 7 8

61i (amps) .060 .058 .072 .110 .105 .119 .18 .18 .22

Disch. Voltage .73 .62 .60 .59 .58 .57 .52 .45 .49

Si-i 2 (amps) .031 .025 .026 .032 .042 .048 .053 .055 .050
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This curve, shown in Figure 11, was not used for the evaluation

of unknown cells, but does illustrate the variation of fi, EdP

and il-i. with state-of-charge. Table III shows the test data
for the three series of standard cells at 32 0 F. This data was

used to construct the uncorrected standard curve given in

Figure 12. These uncorrected curves were not used for the

evaluation of unknown cells.

To permit construction of corrected standard curves,

the cells described in Table I were all discharged to obtain

their actual state-of-charge at the time the test data was

collected from them, as discussed in Section II.E.l. The

results of this discharge are given in Table IV. The cells

with a total discharge time below 700 minutes were thrown out

(total time underlined). Because so many cells were thrown
out, a new series of cells was discharged to replace numbers

2 through 7 in series one and 5 through 7 in series two. The

discharge data and test data for this new series is given in

Table V. The actual discharge time in Tables IV and V plus

the test data in Tables II and V were used to construct a

corrected standard curve for RM828 cells at 70'F. This curve

is shown in Figure 13. It can be seen that for each of the

three parameters of interest (Li, Ed and i-i' 2 ) the spread of

the data is given by dashed lines while the average behavior

is noted by a solid line. Only the Ai solid line was used for

the evaluation of unknown cells since the slope of the il-ic

line is so low. It can be seen that the Ai curve exhibits a

good variation with state-of-charge through the range of

greatest interest, namely, 0 to 30% discharge. Any cell which

is known to be more than 20% discharged will in all probability

be judged unfit for use in survival gear.
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TABLE III

RM828 - 320 Test Data - Standard Cells

Test Data - 1st Series of Cells

Cell No. 0 1 2 3 4 5 6 7 8

Ui (amps) .058 .049 .081 .094 .10 .12 .13 .16 .22

Disch. Voltage .64 .50 .48 .49 .47 .47 .45 .44 .43

il-i. (amps) .015 .015 .016 .015 .016 .018 .019 .021 .023

Test Data - 2nd Series of Cells

Cell No. 0 1 2 3 4 5 6 7 8

tai (amps) .064 .047 .090 .10 .12 .10 .13 .17 .19

Disch. Voltage .61 .53 .48 .48 .45 .47 .46 .43 .40
4i,-i. (amps) .015 .015 .016 .015 .020 .019 .019 .015 .023

Test Data -3rd Series of Cells

Cell No. 0 1 2 3 4 5 6 7 8

1i (amps) .061 .048 .070 .11 .10 .11 .15 .17 .24

Disch. Voltage .63 .52 .48 .48 .46 .47 .46 .42 .38

il-i. (amps) .015 .016 .015 .014 .016 .X18 .015 .018 .020
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The spread of the data is considerably greater than

desirable, but is not surprising considering the lack of

uniformity in the new cells. The Ai curve is double valued
in the 0 to 8% discharge region, rendering Ai values in that

region uncertain by as much as 8%. Because Ed exhibits its

greatest variation in that same region, it was originally

hoped that the Ed value could be used to accurately place the

Ai values in that region. As will be seen, however, Ed values

from old cells do not permit such accurate placement.

S~The actual discharge times in Tables IV and V plus

the test data in Tables III and V were used to construct a

corrected standard curve for RM828 cells at 32*F. The curve

is shown in Figure 14. Again, the 6i curve is double valued

from 0 to 8% discharge. Also, the slope of the i l -i. curve

is too low to permit prediction of state-of-charge using this

curve.

2. Test of Unknown Cells

a) Temperature of 70°F

The old RM828 cells which were tested were obtained
by dismantling PRC-90 batteries, The age and environmental

history of these batteries is unknown. Not more than four
cells were taken from any one battery.

The cells were tested as outlined in section II-A,
and subsequently discharged to determine their actual state-of-

charge at the time of the test as discussed in section II-d.
The ai value obtained from the test was matched to the Ai solid

line on the corrected standard curve in Figure 13 to obtain a

predicted state-of-charge.
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TABLE V

RM828 Discharge and Test Data -Standard Cells

Discharge Data

Cell No. 2 3 4 5 6 7 5' 6f 7'

Initial Disch. Time 120 180 240 300 420 600 300 420 600

Actual Disch. Time 700 645 560 476 381 199 440 310 190

Total Disch. Time 820 825 800 776 801 799 740 730 790 4

Test Data -70OF

CelliNo. 2 3 4 5 6 7 5' 61 7'

~i(amps) .10 .13 .17 .22 .24 .23 .26 .28 .24

Ed (volts) .60 .60 .56 .50 .48 .49 .48 .47 .47

i,-i. (amps) .025 .030 .034 .046 .048 .J4'0 .505 .050 .052

Test Data -32
0F

CeillNo. 2 3 4 5 6 7 51 6t 71

61 (amps) .080 .12 .15 .20 .22 .23 .20 .24 .20

Ed (Volts) .48 .47 .46 .42 .38 .34 .44 .42 .40

i.-i. (amps) .025 .030 .040 .045 .040 .045 .035 .045 .040
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The spread of the data is considerably greater than
desirable, but is not surpriaing considering the lack of

uniformity in the new cells. The 6i curve is double valued

in the 0 to 8% discharge region, rendering Ai values in that

region uncertain by as much as 8%. Because Ed exhibits its

greatest variation in that same region, it was originally

hoped that the Ed value could be used to accurately place the

Ai values in that region. As will be seen, however, Ed values

from old cells do not permit such accurate placement.

Sthe test danbThe actual discharge times in Tables IV and V plus

the estdata in Tables III and V were used to construct a

corrected standard curve for RM828 cells at 32 0 F. The curve

is shown in Figure 14. Again, the Ai curve is double valued

from 0 to 8% discharge. Also, the slope of the il-i. curve

is too low to permit prediction of state-of-charge using this

curve.

2. Test of Unknown Cells

a) Temperature of 70OF

The old RM828 cells which were tested were obtained

by dismantling PRC-90 batteries. The age and environmental

history of these batteries is unknown. Not more than four
cells were taken from any one battery.

The cells were tested as outlined in section II-A,
and subsequently discharged to determine their actual state-of-
charge at the time of the test as discussed in section II-d.

The 6i value obtained from the test was matched to the Ai solid

line on the corrected standard curve in Figure 13 to obtain a

predicted state-of-charge.
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Thirty-nine cells were tested, however, no actual
state-of-charge was obtained for two ef these, leaving a total
of thirty-sever, test results. -he test data and test results
for these cells are shown in Table VI.

An examination of Table VI reveals that neither Ed
or i1-i. is a reliable indicator of state-of-charge. However,
it appears that Ed may prove useful as a "screening value".
The three cells in which the predicted state-of-charge is in
greatest error (24, 25, 29) all have low Ed values. If one
adopts a policy of automatically rejecting any cell with an
Ed value below, e.g., 0.585 volts, no matter what its Ai value,
then the results are improved. Rejecting all cells with an Ed
value below 0.585 volts would eliminate cell numbers 24, 25,
29, 37, and 39. Among these, only number 37 is an acceptable
cell. It is noteworthy that old cells often seem to somehow
lose capacity without losing the ability to exhibit a good
discharge voltage during a brief discharge, e.g., numbers 5
and 6. Thus it is not unroasonable to reject a cell which

cannot even exhibit a good discharge voltage.

The results of an error analysis for the test data
both with and without use of a screening value is given in
Table VII. The low mean error is misleading since errors in
the positive and negative directions are cancelling each other.
The standard deviation more clearly illustrates the accuracy
of the test. It can be seen that use of a screening value
reduces the standard deviation from 11.4 to 6.6% (at the
expense of rejecting one good cell).

The two-sided tolerance limits are calculated by
the method of Natrella.2 It is noteworthy chat a much greater
number of samples is neede.l to obtain a really accurate repre-
sentation of the toleranc,:. limits.
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TABLE ,
Test Results for RM828 Unknown Cells at 70°F

Actual State-of-charge
Cell Discharge (as 7 discharged)
No. Ed(volts) Ai(amps) il-i,(amps) time(min) Predicted Actual Error

1 .637 .100 .034 658 14 17 -3

2 .620 .128 .032 650 19 18 +1
3 .636 .100 .029 754 14 5 +9
4 .654 .135 .046 719 21 10 +11
5 .641 .128 .038 521 19 34 -15
6 .642 .121 .038 598 18 24 -6
"7 .648 .096 .032 753 12 5 +7

8 ,634 .117 .034 638 17 20 -3
9 .678 .130 .023 --- 20 -- -

10 .659 ,075 .023 774 7 3 +4
11 .645 .069 .019 778 5 2 +3
12 .630 .117 .036 671 17 16 +1

13 .636 .130 .040 614 20 22 -2

14 .617 .117 .036 616 17 22 -5

15 .614 .088 .023 655 10 17 -7
16 .650 .092 .029 785 11 1 +10

17 .667 .096 .032 761 12 4 +8

18 .675 .102 .036 718 14 10 44

19 .658 .088 .034 700 10 12 -2
20 .657 .100 .036 664 14 16 -2

21 .640 .088 .027 719 10 10 0
22 .624 .092 .027 721 I1 9 +2

23 ,657 .092 .034 --- 11 .- -

24 .547 .138 .021 400 22 48 -25
25 .485 .155 .025 362 28 54 -26
26 .637 .054 .02r 820 3 0 -3

27 .640 .054 .021 770 3 3 0
28 .623 .071 .029 686 6 13 -7
29 .579 .050 .021 425 3 46 -43
30 .593 .075 .021 709 9 l -2
31 .602 .092 .029 718 11 10 +1
32 .603 .105 .029 762 15 4 +11

33 .640 .105 .034 772 15 3 +12
34 .612 .117 .032 771 17 3 +14
35 .638 .105 .032 692 15 13 +2
36 .635 .088 .029 793 10 0 +10
37 .584 .109 .034 706 15 11 +4

38 .632 .071 .021 808 6 0 +6

39 .034 .441 .044 1 100 100 0

mean - 0.865

standard deviation - 11.42

-42-'



TABLE VII

Error Analysis for RM828 at 70'F

Without Screening Value With Screening Value

Mean -0.86 Mean +1.8
Standard Deviation 11.4 Standard Deviation 6.6

Tolerance Limits

IGamma is percent confidence that P percent of the test values
lie within the maximum error limits L1 and L2 .

Without With
screening value screening value

gamma P _L, L L,

75 75 -15.5 +13.7 -6.8 +10.5

475 95 -25.8 +24.0 -12.9 +16.6
95 75 -17.5 +15.8 -8.1 +11.8

) 95 95 -29.2 +27.5 -15.1 +18.8

- 3
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It also should be noted that whenever the test

predicted a cell to be less than 18% discharged, and when a

screening value was used, that cell was never more than 22%

discharged (26 cells). Only one cell was below 18% discharge

and was predicted to be greater than 18%.

b) Tempereture of 32°F

The 4i solid line in the corrected standard curve

in Figure 14 was used to predict state-of-charge. Twenty-three

cells were tested at 32 0 F. The test data and test results

are given in Table VIII.

Again, use of Ed as a screening value can improve

the test results. Rejecting any cell with an Ed value below

0.520 volts eliminates numbers 4, 5, 6, 7, 12, 13, 17, 21,

and 23. Only numbers 13 and 21 are accepLable cells.

The results of the error analysis both with and

without use of a screening value is given in Table IX. Again,

use of a screening value considerably improves the test re-

sults, this time at the expense of rejecting two good cells.

It can be seen that the accuracy of the test is remarkably

similar at 70OF and 32'F.

I: is important to note that for the 13 cells that

the test predicted to be less than 18% discharged utilizing

a screening value, no cell was more than 14% discharged. One

other cell was actually less than 18% discharged, but was

fj predicted to be greater than 18% discharged.
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TABLE IX

Error Analysis for RM828 at 320F

Without Screening Value With Screening Value

mean -1.3 mean +2.9

standard deviation 11.4 standard deviation 6.7

Tolerance Limits

Gamma is percent confidence that P percent of the test values

lie within the maximum error limits L1 and L2 .

without with
screening value screening value

Gamma P L, L2  L, L2

75 75 -16.4 +13.8 -6.6 +12.5

75 95 -27.1 +24.3 -13.3 4 19.2

95 75 -19.2 +16.6 -9.1 +14.9

95 95 -31.8 +29.2 -17.5 +23.3
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It is noteworthy that in terms of the personnel in
the field who actually use a state-of-charge tester, no "harm"

results from relying on a predicted state-of-charge that is
less than the actual state-of-charge (+ error). It is the (-)

errors which are of real concern. In terms of economics, the

larger the average (+) error, the greater the rejection rate
of cells that are actually acceptable. However, most of these

will have already beer. close to the acceptable-unacceptable

border line. Finally it can be seen that by "shifting" thi

standard curve on the % discharge axis, the relative proportions

of (+) and (-) errors can be changed.

C. RMINCMC Single Cell Results

1. Standard Curves

Problems in obtaining high quality cells for use as

standards were also encountered with the RMINCMC cells. The

first batch of new cells received all exhibited the expected

open circuit voltage. Three series of standard cells were

prepared using these cells. The discharge data for these cells

is given in Table X. It can be seen that the three cells

which were completely discharged lasted 375, 300 and 352

minutes. The test data for these cells at 70"F is given in

Table XI. An uncorrected standard curve was prepared using

the data in Tables X and XI, and i.s shown in Figure 15.

A separate set of standards was prepared for

collection of the 32 0F data. The discharge data for these

cells are given in Table XII. Note th• discharge times of

395, 363, and 373. The test data at 32•F are given in Table

XIII. An uncorrected standard curve was prepared using the

data in Tables XII and X!II, and is shown in Figure 16.
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TABLE X

RMINCMC Discharge Data - Standard Cells

Discharge Data - 1st Series of Cells

Each cell number represents a separate cell.

"4 60 MA Constant Current Discharge, 1.08 Cut-Off Voltage

Cell. No. 0 1 2 3 4 5 6

Disch. Time (min.) 0 60 120 180 240 300 375

End Point Voltage 1.35 1.20 1.15 1.15 --- 1.12 1.08

Discharge Data - 2nd Series of Cells

Cell No. 0 1 2 3 4 5

Disch. Time (min.) 0 60 120 180 240 300

End Point Voltage 1.35 1.20 1.16 1.15 1.14 1.08

Discharge Data - 3rd Series of Cells

Cell No. 0 1 2 3 4 5 6

Disch. Time (min.) 0 60 120 180 240 300 352

End Point Voltage 1.35 1.21 1.16 1.14 1.14 1.11 1.08
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TABLE XI
RMINCMC- 70° Test Data- Standard Cells

,Test Data i-st Series

Cell No. 0 2 3 4 5 6

•- ! --- JL- J- -L -__ j!.
,i (amps) .053 .062 .075 .080 104 .099 13Discharge Voltage .724 .66 65 64 .62 .57 .50
i1 'i2 (amps) 014 .020 .025 ,037 .045 .055 .055

Test Data - 2nd Series

Cell No. 0 1 2 3 4 5Ai (amps) .053 .060 .080 .078 .090 thrown outDischarge Voltage .725 .66 .64 .61 .60 thrown outi 1-i• (amps) .012 .017 032 .037 .044 thrown out

lTest Data 3rd Series

Cell No. 0 1 2 4 5
•~- 

--- -- -_ -_! 4_ - -_Ai (amps) .055 .064 .076 .085 .095 .095 .11
Discharge Voltage .726 .67 .63 .60 .61 .50 .51

(amps) .010 .016 .030 .031 .036 .044 .057
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TABLE XII

RMINCMC Discharge Data - Standard Cells

Discharge Data - 1st Series of Cells

Cell No. 0 1 2 3 4 5 6 7

Discharge Time 0 60 120 180 240 300 360 395

End Point Voltage 1.35 1.20 1.16 1.15 1o14 1.12 1.10 1.08

Discharge Data - 2nd Series of Cells

Cell No. 0 1 2 3 4 5 6 7

SDischarge Time 0 60 120 180 240 300 360 363

End Point Voltage 1.35 1.21 1.15 1.15 1.14 1.12 1.10 1.08

Discharge Data - 3rd Series of Cells

Cell No. 0 1 2 3 4 5 6 7

Discharge Time 0 60 120 180 240 300 360 373I End Point Voltage 1.35 J.21 1.16 1.14 1.14 1.11 1.09 1.08
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TABLE XIII

RMINCMC Test Data - 32 0F - Standal-d Cells
5

Test Data - ist Series

Cell No. 0 1 2 3 4 5 6 7

Ai (amps) .050 .055 .062 .065 .080 .094 .11 .13

Disch. Voltage .55 .42 .48 .47 .42 .45 .42 .43

il-i 2 (amps) .002 .011 .013 .016 .014 .022 .024 .026

Test Data - 2nd Series

Cell No. 0 1 2 3 4 5 6 7

A.\i (amps) .045 .053 .065 .066 .075 .075 .095 .13

Disch. Voltage .54 .50 .50 .45 .43 .44 .44 .41

ii• (amps) .007 .009 .012 .016 .018 .020 .020 .025

Test Data - 3rd Series

Cell No. 0 1 2 3 4 5 6 7

SAi (amps) .044 .051 .060 .070 .070 .083 .090 .12

Disch. Voltage .52 .44 .46 .49 .35 .43 .42 .38

i1-i2 (amps) .005 .010 .011 .013 .018 .018 .026 .027

-52-



(S31oA) "'3 3OV1'0A SODIVHDSga

'00

.04
0cn

cn

0
I ~ci

Il

_____ --53-



By this stage of the investigation, several old

RT-10 batteries had been obtained from Kelly AFB. It was

decided to discharge a few of these to determine how badly

degraded they were. The first six old cells lasted 514, 483,

494, 491, 519, and 535 minutes, i.e., longer than the new cells.

It was clear that the new cells were substandard, so another

batch of new cells was ordered.

Three new series of standard cells were prepared

using these cells. The initial, actual, and total discharge

data for these cells is given in Table XIV. Cells with a

total discharge time below 695 minutes were judged substandard.

The range of discharge times for the six cells which were

continuously discharged is 790 to 722 minutes. The test data

for these cells at 70OF is given in Table XV, and for 32•F

in Table XVI.

The data in Tables XII and XIII was used to prepare

a corrected standard curve at 700 F. This curve is given in

Figure 17. (No uncorrected standard curve was prepared for

this latest batch of cells.) An examination of Figure 17

reveals that the Li curve for RMINCMC cells is not double

valued at any point, however, the spread of the data for the

new cells is considerably larger than for the RM828. Con-

sidering the extreme spread of discharge times observed with

various new cells this is not surprising.

The data in Tables XII ond XIV was used to prepare

a corrected standard curve at 32'F, which is given in Figure

18. Again, no uncorrected standard curve was prepared.
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2. Test of Unknown Cells

a) 70OF

The old RMINCMC cells which were tested were obtained

by dismantling RT-10 batteries. These batteries had a month

and year painted on them, all being in 1968 or 1969. Possibly

this was the date of manufacture. Their environmental history

was unknown. The Li value obtained from the test was matched

to the solid A line in Figure 17 to obtain a predicted state-
of-charge. Thirty-eight cells were tested at 700 F. The test

data and test results are shown in Table XVII.

Again, Ed and i 1 -i' 2 provide a poor indication of

state-of-charge. However, Ed is again useful as a screening

value to eliminate some of the cells which are not eliminated

on the basis of their :i value. Rejecting all cells with an

Ed value below 0.75 volts eliminates cell numbers 11, 14, 16,

24, 27, and 35. None of the--, are actually good cells.

The reo *its of the er- ,r analysis for the test data

2. both wi'h and •'iLhout a screening value is given in Table XVIII.

It can be that the use of a screening value is not as
effective ,It the RMINCMC as with the RM828. Generally speak-

ing, the unknown RM1NCMC cells were in rather poor condition

since only five of thirty-eight cells were less than 20% dis-

charged.

Only one cell was predicted to be less than 18%

discharged when a screening value was used. This cell plus

three others were actually less than 18% discharged.
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TABLE XVII
Test Results for RMINC24C Unknown Cells at 70°F

Actual State of Charge
Cell Discharge (as % discharged)

No. Ed(volts) Ai(amps) il-i,(amps) time(min) Predicted Actual Error

1 0.897 0.117 .021 610 26 23 +3

2 0.879 0.134 .021 375 31 52 -21

3 0.846 0.105 .019 681 23 14 +9

4 0.922 0.147 .025 520 34 34 0

5 0.834 0.113 .017 598 25 24 +1
6 0.909 0.138 .021 570 32 28 +4

7 0.872 0.126 .023 782 28 1 +27

8 0.793 0.126 .013 625 28 21 +7

9 0.788 0.202 .013 442 45 44 +1

10 0.788 0.071 .015 658 10 17 -7

11 0.085 0.349 .008 1 79 100 -21

12 0.818 0.088 .019 600 19 24 -5

13 0.832 0.101 .019 620 22 21 +1

14 0.723 0.080 .015 485 17 38 -21

15 0.772 0.084 .013 674 18 15 +3

16 0.740 0.088 .017 39 19 95 -76

17 0.827 0.096 .019 59 22 92 -70

18 0.774 0.210 .008 408 47 48 -1

19 0.844 0.159 .011 419 37 47 -10

20 0.860 0.113 .015 420 25 47 -22

21 0.766 0.180 .006 429 42 46 -4

22 0.812 0.113 .017 614 25 22 +3

23 0.771 0.201 .008 404 45 49 -4

24 0.678 0.260 .006 372 56 53 +3

25 0.884 0.130 .017 243 30 70 -40

26 0.875 0.155 .015 593 36 25 +11

27 0.700 0.155 .008 293 36 63 -27

28 0.846 0,121 .021 592 26 25 +1

29 0.848 0.121 .017 439 26, 45 -19

30 0.756 0.130 .008 61.0 30 23 +7

31 0.846 0.117 .019 573 26 28 -2

32 0.865 0.088 .015 526 19 33 -14

33 0.806 0.096 .015 651 22 18 +4

34 0.811 0.143 .023 472 33 38 -5

35 0.741 0.176 .034 347 40 54 -14

36 0.830 0.130 .017 551 30 27 +3

37 0.757 0.122 .015 557 28 26 +2

38 0.868 0.143 .021 594 33 22 +11

mean -7.4

L standard deviation 20.1
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TABLE XVIII

Error Analysis for RMINCMC at 70OF

Without Screening Value With Screening Value

Mean -7.4 Mean -4.6

Standard Deviation 20.1 Standard Deviation 17.7

Tolerance Limits

Gamma is percent confidence that P percent of the test values

lie within the maximum error limits L, and L2 .

without with

screening value screening value

gamma P L L;, LL

75 75 -33.2 +18.2 -27.6 +18.3

75 95 -51.3 +36.4 -43.8 +34.5

95 75 -36.8 +21.9 -31.1 +21.9

95 95 -57.4 +42.6 -49.8 +40.5

-L67
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The results in general are not as good as was obtained

with the RM828 cells. The reason for this is not clear, but

it is noteworthy that the geometry of the cells is different.
The RM828 is a "sandwiched wafer" construction, while the

RMINCMC is a "concentric cylinder" construction. Because of

the difference in cell construction, perhaps some failure

mechanism occasionally occurs with the RMINCMC which does not

occur with the RM828, and this failure is not reflected by Li.

(The RM3WA has still another construction, a spiral anode

configuration.)

b) 320F

The Li value obtained from the test of the unknown

cell was matched to the solid Ai line in Figure 18 to obtain

a predicted state-of-charge. Thirty-three cells were tested

at 32'F. The test data and results are given in Table XIX.

Using a screening value of Ed = 0.735, cells number 3, 9,

20, 11, 12, 13, 14, 15, 16, 17, 18, 22, 23, 24, 27, 30, and

33 are rejected. Of all these cells, only 3, 10, 15, and

33 are actually acceptable. The error analysis for the 32'F

test results is given in Table XX. The large negative mean

error indicates there is a systematic error in the test, i.e.,

the standard curve is not in the optimum position insofar as

obtaining the minimum error is concerned. It can be seen that

in this case the use of a screening value does not greatly

improve the test results.

It can be seen that for 32°F as well as 70'F, the

old cells frequently exhibit a higher discharge voltage than

did new undischarged hells or new cells discharged to the same

extent as the old cell of interest. The reason for this is not
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TABLE XIX

Test Results for RMINC-MC Unknown Cells at 320 F

Actual State of Charge

Cell Discharge (as % discharged)
No. Ed(volts) Ai(amps) i,-i,(amps) time(min) Predicted Actual Error

1 0.776 0.096 .013 610 24 23 +1

2 0.746 0.092 .013 375 23 52 -29

3 0.710 0.084 .011 681 20 14 +6

4 0.820 0.100 .019 520 24 34 -10

5 0.756 0.100 .015 598 24 24 0

6 0.790 0.130 .021 570 32 28 +4

7 0.785 0.096 .017 782 24 1 +23

8 0.785 0.100 .013 625 24 21 +3

9 0.702 0.172 .011 442 39 44 -5

10 0.638 0.046 .008 658 0 17 -17
11 0.052 0.298 .004 1 72 100 -28

12 0.633 0.050 .006 600 2 24 -22

13 0.689 0.063 .008 620 6 21 -15

14 0.566 0.050 .004 485 2 38 -36

15 0.611 0.050 .008 674 2 15 -13
16 0.733 0.059 .008 39 5 95 -90

17 0.681 0.067 .006 59 9 92 -81

18 0.695 0.176 .013 408 40 48 -8

19 0.752 0.117 .013 419 28 47 -19

20 0.831 0.105 .017 420 24 47 -23

"21 0.736 0.159 .008 429 38 46 -8

22 0.702 0.088 .013 614 21 22 -1

23 0.684 0,151 .008 404 36 49 -13

24 0.648 0.239 .006 372 58 53 +5

25 0.740 0.084 .011 243 20 70 -50

26 0.790 0.113 .015 593 27 25 +2

27 0.669 0.143 .006 293 35 63 -28

28 0.762 0.100 .015 592 24 25 -1

29 0.747 0.096 .013 439 24 45 -21

30 0.666 0.113 .008 610 27 23 t4

31 0.772 0.096 .017 573 24 28 -4
32 0.789 0.080 .013 526 19 33 -14
33 0.716 0.071 .013 651 10 18 -8
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TABLE XX

Error Analysis for RMINCMC at 320F

Without Screening Value With Screening Value

Mean -15.0 Mean -9.9
Standard Deviation 23.2 Standard Deviation 17.1

Tolerance Limits

Gamma is percent confidence that P percent of the test values
lie within the maximum error limits L, and L2.

Without With
Screening Value Screening Value

Zamma p LL L, L2

75 75 -45.1 +15.0 -33.8 +13.9

75 95 -66.3 +36.2 -50.6 +30.8

95 75 -49.7 +19.7 -39.6 +19.2

95 95 -74.2 +44.1 -60.6 +40.7
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apparent. It would not be particularly surprising for an old

cell to exhibit a higher Ed than a new cell discharged to that

same extent because (a) the new cell was discharged more re-

cently, and (b) the new cell was discharged at a relatively
* high current for a short period while the old cell "ran down"

over a long period of time. It does not seem reasonable, how-

ever, that this same old cell could also exhibit an Ed value

higher than that of an undischarged new cell. One possible

explanation is that the new cells used as standards are not as

good as the old cells were when they weire new. However, the

relative discharge times of the new versus the old cells does

not bear this out. It is noteworthy that old RM828 cells did

not exhibit higher Ed values than did new undischarged cells,

but a particular old cell usually did exhibit a higher Ed than

a new cell discharged to the same extent. It is interesting

that the old RM828 cells were generally only slightly discharged

and did not exhibit a high Ed whereas the old RMINCMC cells

were on the average considerably more discharged and did

exhibit a high Ed value.

D. R•NNCMC Ten Cell Batteries

1. Standard Curves

RMINCMC cells were not originally scheduled to be

used for the ten cell battery tests. However, the unavail-

ability of old RM3WA cells (URC-64 batteries) dictated a

change to RMINCMC cells. Because the construction of standard
turves is a lengthy procedure for ten cell batteries (see

section II.E.2), and because the decision to switch to RMINCMC

ten cell batteries was not made until the last month of the

contract period, it was not possible to obtain ccmplete
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standard curves for the RMINCMC batteries. These curves
were completed for the state-of-charge region of greatest
interest, namely 0 to 30% discharged. Of course, to use
these curves it is necessary to assume that the curve does
not "double back" at higher levels of discharge. Based on
past experience with all the single cells and with the new ten
cell RM3WA batteries, this is a safe assumption.

The discharge data for the new batteries used in the
construction of the standard curves are given in Table XXI.

The test data for.700 F are given in Table XXII,] while the test data for 32cF are given in Table XXIII.

The corrected standard curve for 70°F prepared from
Tables XXI and XXII is given in Figure 19. The 6i curve is
remarkably straight when compared to the single cell RMINCMC
behavior. It is probable that some averaging effects occur
since all the cells are in series. It can be seen that i,-i 2

exhibits a good slope as a function of state-of-charge.

The corrected standard curve for 32'F prepared from
Tables XXI and XXIII is given in Figure 20. The Ui curve is

not nearly so straight as at 70'F, and the i1 -i2 curve has a
poor slope.

2. Test Results of Unknown Batteries

a) 70°F

Ten cell batteries were prepared from old RT-10
batteries. Where possible, ten cells of an original series of
cells were used.
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TABLE XXI

Ten Cell RMINCMC Battery

Standard Discharge Data

Series 1

Battery No. AO Al A2 A3 A4

Initial Disch. Time 0 60 120 180 240

Actual Disch. Time -- -- -- -- 509

Total Disch. Time -- 749

Series 2

Battery No. BO Bl B2 B3 B4

Initial Disch. Time 0 60 120 180 240

Actual Disch. Time -- -- -- -- 520

Total Disch. Time -- 760

(Note: 760 minutes 100% discharge)

Series 3

Battery No. CO Cl C2 03 C4

Initial Disch. Time 0 ........
Actual Disch. Time --........

Total Disch. Time ..........

Battery No. C was accidentally shorted and completely discharged.
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TABLE XXII

Ten Cell RI1NCMC Battery

Standard Test Data - 70'F

Series 1

Battery No. AO Al A2 A3 A4 A4'

Ai .092 .122 .155 .185 .218 0.55

Ed 8.06 6.72 6.01 5.81 5.65 6.15

i.-io .012 .024 .036 .055 .080 .138

Series 2

Battery No. BO BI B2 B3 B4 B4'

.i .084 .109 .138 .168 .193 0.48

Ed 8.13 6.93 6.15 6.01 5.72 5.70

i•-2 .012 .021 .034 .055 .076 .121

Series 3

Battery No. CO Cl C2 C3 C4 C4'

Ai .084 ---. ..-

Ed 8.12 - ...--- ---

1i - ' 2 .0 1 2 ---.- --.- . .. . ...-6 9
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TABLE XXIII

Ten Cell RMINCMC Battery

Standard Test Data - 32'F

Series 1

Battery No. AO Al A2 A3 _A4

6i (amps) .117 .100 .122 .138 .159

Ed (volts) 4.90 3.92 3.78 3.64 3.50

il-i; (amps) .023 .019 .029 .036 .038

Series 2

Battery No. AO Al A2 A3 A4

6i (amps) .092 .096 .113 .134 .160

Ed (volts) 4.80 3.90 3.75 3.60 3.44

i.-i, (amps) .025 .025 .029 .0d .042

Series 3

4 Battery No. CO Cl C2 C3 C4

, , (amps) .096 ........

Ed (volts) 4.95 ........

"i2-i, (amps) .025 ........
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The 6i value obtained fron the test was matched to

the solid Ai line in Figure 19 to obtain a predicted state-of-

charge. Twenty-four batteries were tested at 70'F. The testA data and test results are shown in Table XXIV.

The Ed values are particularly useless as an indi-

cator of state-of-charge for ten cell batteries. For example,

battery number 7 exhibited a higher discharge voltage than the

new cells used as standards, yet was 98% discharged at the time

of the test. Conversely, no screening valut of Ed could be
"1• found which appeared to improve the test results. As with the

RMINCMC single cell tests, old batteries frequently exhibited

a higher discharge voltage than did new undi.charged batteries.

Although i 1 -i 2 varied in a regular manner with new

batteries, old batteries appeared to vary almost randomly in

their i,-i. values.

The results based on 6i were either quite good or

very bad. The error analysis for the results are given in

Table XXV. It is particularly noteworthy that the accuracy

of the RMINCMC ten cell tests is almost identical to the

accuracy of the RMINCMC single cell tests as given in Table XVIII

on page 62. There had been some concern that if one bad cell

was in series with nine good cells, the good cells would "mask"

the bad cell during the test. This does not seem to be the

case since in all cases where a battery exhibited a short life,

that early failure was due to one cell failing while the others

were still in good condition.

"It is noteworthy that whenever the test predicted

a battery tc be less than 18% discharged, that battery was never

"more than 21% discharged (13 batteries), (Iwo batteries were

-73-41. 11



TABLE XXIV

Test Results for Unknown RMINCMC

Ten Cell Batteries - 70OF

Actual State-of-charge
Cell Discharge (as % discharged)
No. Ed(volts) Ai(amps) i -i.(amps) time(min) Predicted Actual Error

1 8.64 0.155 0.023 590 19 22 -3

2 6.26 0.319 0.124 1 >35 100 V/

3 8.66 0.168 0.029 255 23 66 -43
4 7.43 0.206 0.017 635 33 16 +17

5 5.06 0.239 0.021 1 >35 100 V
6 2.79 0.285 0.105 1 >35 100 V
7 8.50 0.176 0.025 10 25 98 -73
8 8,04 0.168 0.013 538 23 29 -6
9 8.59 0.134 0.021 603 14 20 -6

10 8.37 0.130 0.019 599 12 21 -9

11 8.36 0.134 0.021 610 14 19 -5

12 9.09 U.164 0.025 606 22 20 +2

13 8.77 0.147 0.023 611 17 19 -2

14 8.71 0.155 0.025 637 19 16 +3

15 8.21 0.155 0.025 475 19 37 -18

16 8.11 0.189 0.025 465 29 39 -10

17 8.44 0.117 0.019 697 8 8 0

18 8.20 0.180 0.017 550 27 27 0

19 8.15 0.109 0.019 742 6 2 +4

20 8.16 0.117 0.019 685 9 10 -1

21 8.43 0.117 0.019 717 9 5 +4

22 8.35 0.143 0.015 648 16 15 +1

23 8.55 0.139 0.019 628 15 17 -2

8.42 0.143 0.023 688 16 9 +7

mean -5.8
standard deviation 17.8
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TABLE XXVI

Error Analysis for Ten Cell

j RMINCMC Batteries at 70°F

Mean -5.8

Standard
Deviation 17.8

Tolerance Limits

Gamma is the percent confidence that P percent of the test

values lie within the maximum error limits L, and L2 .

gamma P Li L2

75 75 -29.5 +17.8

75 95 -46.1 +34.4

95 75 -33.7 +22.0

95 95 -53.2 +41.6
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less than 18% dischargec which were not predicted to be.) It

is with the more discharged batteries that large errors are

encountered.

b) 320F

The Ai value obtained from the test was matched to

the solid Li line in Figure 20 to obtain a predicted state-of-

charge. Twenty batteries were tested at 32°F. The test data

and test results are shown in Table XXVI.

For the 32°F data, choosing a screening value of

Ed = 0.620 volts results in considerable improvement of the

test results. Cells number 2, 3, 4, 11, 15, 19, and 20 are

rejected on this basis. Of these, only 3 and 15 are accept-

able cells. The error analysis is given in Table XXVII.

Y

It can be seen that the test results at 32"F are

considerably better than the 70'F results. Due to the limited
numbers of batteries tested at both temperatures, it is not

possible to tell whether this is a coincidence.

It is important that whenever the tcst predicted a

battery to be less than 18% discharged, that battery was never

more than 22% discharged (8 batteries). One battery was

below 18% discharge, but was not predicted to be.
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TABLE XXVi

Test Results for Unknown
U RMlhiMC Ten Cell Batteries - 32'F

Actual State of Charge
Cell Discharge (as % discharged)
No. Ed(volts) Li(amps) il-i,(amps) time(min) Predicted Actual Error

1 6.25 0.105 .021 590 12 22 -10

2 4.80 0.197 .042 1 >35 100 V

3 5.44 0.193 .029 635 >35 16 +19

4 4.32 0.239 .029 10 >35 98 /
5 6.83 O.L22 .021 603 18 20 -2

6 6.48 0.113 .023 599 15 21 -6
7 6.59 0.109 .023 670 14 19 -5
8 7.11 0.122 .027 606 18 20 -2

9 7.07 0.122 .025 611 18 19 -!

10 6.84 0.105 .023 637 12 16 -4

11 5.76 0.134 .023 475 23 37 -14
12 7.01 0.147 .021 465 28 39 -11
13 6.94 0.092 .013 692 6 8 -2
14 6.51 0.122 .017 550 18 27 -9
15 6.09 0.096 .019 742 6 2 +4

16 6.61 0.096 .019 685 6 1n -4
17 6.45 0.100 .019 628 8 17 -9

18 6.40 0.096 .017 688 6 9 -3
19 6.17 0.122 .021 261 18 66 -48

20 5.98 0.138 .017 540 "25 29 -4

mean -5.5
standard deviation 12.0

7-7
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TABLE XXVII

Error Analysis for Ten Cell

RMINCMC Batteries at 320 F

Without Screening Value With Screening Value

Mean -5.5 Mean -5.3

Standard Deviation 12.0 Standard Deviation 3.4

Tolerance Limits

Gamma is the percent ronfidence that P percent of the test values

lie within the maximum error limits L, and L2 .

Without With
Screening Value Screening Value

amP L, L2  L_ LP

75 75 -21.8 +10.7 -10.1 +0.3

75 95 -33.2 +22.1 -13.5 +3.1

95 75 -25.0 +13.9 -11.4 +1.0

95 95 -38.8 +27.7 -15.8 +5.3
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E. RM3WA Single Cell Results

1. Standard Curves

As with the other types of cells, the first batch of

RRM3WA cells was sub-standard. Mallory Battery Company speci-

fies a 26 hour lifetime for the RM3WA when discharged through

a 250 resistor to an end voltage of 0.9 volt at 70 0 F. Several

cells selected at random from the first batch of cells lasted

less than 22 hours. A new batch of RM3WA cells was obtained

and found to be ar-eptable, and three series of standard cells

were prepared.

An incorrected standard curve at 70'F was prepared

using these new cells, but it was discovered that the discharge

relay (see Figure 4) had not been working properly at the time

the test data for this curve was collected. This relay was

replaced, and test data was obtained for the three series of

cells at 70'F and 32'F. Table XXVIII gives the initial, actual,

and total discharge times for these cells. Table XXIX and XXX

give the test data at 70OF and 32'F, respectively.

Figure 21 shows a 70°F corrected standard curve pre-

pared from the data in Tables XXVIII and XXIX. It can be seen

that the slope of this curve is zero between 0% and 13% dis-

charge, thus the state-of-charge of a cell whose ti lies in

this region will be uncertain by as much as 13%. The i,-i.

curve has too low a slope for the prediction of state-of-charge.

For new cells, Ed changes in a regular manner with state-of-

charge.
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TABLE XXVIII

Discharge Data for RM3WA Standard Cells

Ist. Series

Cell Number 0 1 2 3 4 5 6

Initial Disch. Time 0 60 120 180 240 360 504

Actual Disch. Time 493 430 390 319 252 154 35

Total Disch. Time 493 490 510 499 492 514 539

(Note: 504 minutes = 100% discharge)

2nd. Series

Cell Number 0 1 2 3 4 5 6
Initial Disch. Time 0 60 120 180 240 360 490

SActual Disch. Time 479 436 379 332 278 135 30
Total Disch. Time 479 496 499 512 518 495 520

3rd. Series

Cell Number 0 1 2 3 4 5 6
Initial Disch. Time 0 60 120 180 240 360 494
Actual Disch. Time 473 433 375 310 256 157 42

Total Disch. Time 473 493 495 490 496 517 536
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TABLE XXIX

Test Data for RIv3WA Standard Cells - 70"F

1st. Series

Cell Number 0 1 2 3 4 5 6

LAi (amps) .070 .070 .088 .098 .13 .14 .17

Ed (volts) M81 .73 .66 .62 .59 .58 .53

il-i2 (amps) .012 .017 .017 .025 .021 ,029 .034

2nd. Series

Cell Number 0 1 2 3 4 5 6

Ai (amps) .071 .069 .085 .098 .11 .16 .18

Ed (volts) .76 .69 .64 .62 .60 .55 .52

i.-i. (amps) .017 .012 .017 .017 .025 .029 .038

3rd. Series

Cell Number 0 1 2 3 4 5 6

Ai (amps) .069 .071 .088 .098 .12 .15 .19

Ed (volts) .75 .68 .63 .61 .59 .56 .51

i1-i2 (amps) .017 .012 .012 .021 .025 .025 .029
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TABLE XXX

Test Data for RM3WA Standard Cells - 320 F

1st Series

Cell No. 0 1 2 3 4 5 6

Ai(amps) .050 .055 .064 .077 .10 .13 .20

Ed(vOlts) .68 .52 .51 .48 .45 .42 .38

il-i,(amps) .012 .016 .017 .018 .027 .027 ,050

i

2nd Series

Cell No. 0 1 2 3 4 5 6

6i(amps) .052 .057 .064 .077 .097 .14 .79

Ed(volts) .67 .54 .50 .48 .46 .40 ,37

i,-i 2 (amps) .012 .016 .016 .017 .020 .032 .040

3rd Series
-t

Cell No. 0 1 2 3 4 5 6

Li(amps) .051 .055 .067 .080 .092 .14 .18

Ed(volts) .66 .52 .50 .48 .45 .42 .39

Si-i 2 (amps) .012 .012 .017 .020 .020 .030 .040
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Figure 22 shows a 320.F corrected standard curve for

Al3WA cells. This curve was prepared from the data in Tables,

XXVIII!_ and XXX. it can ýbe seen that this curve exhibits a,

-more favorable sl6pe of Ai versuss §tatebof-Chatge. Again,

p he' slope of the. i 1 -i. curve is too i'ow to ip-ermit ýprediction

of state-of-charge.

2. Tests of Unknown Cells

"No old URC-64 batteries could be located -durhig this

investigationý, thus precluding any tests of unknown cells.

F. RM43WA Ten, Cell :Batteties

Ii Standard Curves

Standard curves were prepared by the techniques,

outlined' in Section 1II.'E.2.

The, discharge data for the three standard batterieq

are 'given in Table LYXXXI. The ,test <data are given in Tables

XXXII and XXX!II for 70 0 F and 32'F, respectively.

Figure 23 shows a _7QF standard '-curve which was pre-
pared from the data ifn Tables XXXI and XXXII. Figure 24 shows

a 320F standard curve which-Vas prepared from the data in

Tables XXXI and XXXIII. In both of these curves, the i 1 -i' 2

slope is too 'low to be of use in predicting state-of-charge.

The large drop in Ed as a function of discharge is surprising

when compared to the single cell behavior (Figure21). It can
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TABLE. XxIx

Discharge Data for Standard Ten Cell RM3Wa Battery

1st. Series (Battery A)

I Battery No. AO Al A2 A3 A4 A5 A6 A•_ A8,__

Initial iDisdh. Time, 0 60 120 180 ?240 300 360 42:0 480•

Actual Disch. Time .. -- 168

Total Disch., Time .. .. ... .-- --- -.- ,648

(N6te! 60-8- minutes = i00%, discharge)

2nd' Series, (Battery B)

'Battery No. BO BI B2 B3 B4 B5 B6 B7 B8

Ini~tial Disch. Time 0 60 120' 180 240 300 360 420 480

Adtuai ýDisch,4• Time -- -- - -- - ----.- . .. 143
Sota! dTlsch. Time - ... ".. --- --- .... ,- 6 23

3rd-Series (Battery C)

ýdaOry No. C Cl U C3 C4 C5 C6 C7_, C8,

Itniti-al• i-sCh. ýTnme 0 60, 120 180 240 300 360 420, 480
A-•ta Disch T-ime -- -- m-- ..... ... ... ... ... 152d

-- Total. Disch, Time --- --- 632

"-78-
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- - TABLE XXXIi

Test Data for Standard Ten Cell RM3WA Battery- 70uF

1st eries

Battery -N. AO A, A2 A3, A4 A5 A6 A7 A8,

Ai(amps i060 .070 .090 .095 .15 .19 ,23 .24 .28
Edf(volits) 8.2 6.8 :5. 5 4.9 5.1 4.8 4,.9 5.0 4.5
i 1 -i.(amps) .008 .012 .017 .021 ..02-9 i040 -054 .064 .080'

1 2nd Series

,Badttery No. BO B1 B' B3.. B4, B5. B6 B7 B8

Ai(amps) .060 .074 .090 J!1 .1-5 .20 .24 .26 .30

Ed(vOlts) 8,i1 7.0 5.8 5.2' 5.,2 5.1 5.0 5.0 4.5

i-'i 2 (amps) .012 .021 .025 .029 .,035 .040 ,040 .070 .090

3rd Series

Battery No. C0 cl C2 C3, C4 C5_ d6 -C7 C8

t i(amps) .060 .075 .090 .111 .15 .21 .24 •.27 .28
XEd(voits). 8.2 7.1 5.8 5.3' 5.2 5.0 4.9 4'.9 4.6

1 i ,-i2 (amps) .012 .012 .017 .029 .029 ,037 .050 .064 .080
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Test Data for Standard RM3WA Battery -32.

1st Series

, Battery oNo. AO Al A2 Al A A5 A6 A7 A8

eif(amps) .045 .051 .055 .085 .13 .21 .23 ;28

Ed(vOlts) 6.0 5.3 4.2 3.8 3.0 2.,9 3.0 2.-9 2.8ý

i-i 2 (amp's) .008 .012 .008 .017 .025 .! •0 ,055 .065 .075

2nd Series

Battery No. BO B _ B2 B3 B4 F'5 B6- B7 B8

Ai(amps,) .045 .055 .065 .10 .15 .17 .22 .25 .30

Ed (volt•S) 6.1 5.4 4.4 4.1 3.2 s.0 3.2 3.0, 2.8

i -i (aimps), .012 .017 .021 .021 .029 .045 .045 .065 .075

3rd -Series

Battery No. CO M G C2 C3S 4 CS C6 C7

Ai(amps) .050 .060 .065 .11 ,13 .16 .23 .26 .30

Ed(vol.ts) 6.1 5.5 4.4 3.9 3.3' 3.1 3.0 3,.0 2.6

i,-i (amps) .012 .017 .017 .021 . 02 .040 .050 .070' .085
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be seen that the osl'opes of the -iA curves ,in F-7kgres,?231 ;and"24

are lower than desirable, in, the- low discharge region

2. Test of Unknown' Batteries

No unknown batteries were tested since no old UkC-64

*batterie3 could be located'.
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IV., ONLUSIoýs

The two most important conclusions 'to be drawn from

this feasibility study are the following.

(i) A tes't ,procedure has been developed'

to yield a -test variable, di, which-

varies in a regular manner with the

state-of-charge of mercury cells and

batteries.

_(2), This, testt var-iabie- --can -bW Ud -311u.-n

conjunction with a screenipg .tech-

nique, based on discharge voltage,

Ed, to predict with a •high degree

of coiýfidence whether a cell or

battery is less than 17% discharged.

Other conclusions which can be drawn, fr6m this study

include the following:

(3) Of all the test variables examined

(Ai, ' 1 -i_ 2, ii, if, Ed) only -i
prbved to be suitable for the predtc-
tion of state-of-dharge. Ed proved!

to be useful for rzteening out the

cells for which the test exhibited

the largest error (#hese cells were

almost always considerably discharged).

(4) The test becomes less accurate as the
% discharge, of the cell or 'battery

being tested increases.,
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.05) -The test' is more accUrate for RM828

ce-lklsr th-an for RMd-NMk cells. §"

(f.( The accuracy of the',tes't for ten cell

"R1M!WNMCG bat-tries is equal t6 'or

great~er than 'the accuracy for ,RMlNCMC
N A

(7), The test is considerably more accurate

for ten cell'batteries at 32 0 F than it

"is§ at 700F.

(8) Because of limitations in the test

circuitry which -as used, the test

parameters used in this study probably
were not the optimum. .

'(9) Ov~erall, the test results did not

meet the specified goal of predicting

the statd-6f-charge within 5% of the e
actual •tate-of-charge -with a confidence

leVel of 98%. 1

The standard deviation of the e;ror betweenT predicted

and, Actual state-of-charge was onlyo-i6% '(700F) and 6.7% (32 0 F) t
for the RM828 cells and only 3.4% (321F) for the ten cell RMINCMC

pattetyo, hoiwever,. Considering the vory, limited scope of this
investigation, these are believed to be excellent results. In-
,adctipun,, when the test predicted ,that a cell or battery was
less thka,# 18% discharged, in no-case did the actua perce6nt

dischtrge exdeed that value by moTe thfan 5,%. 1his resuI" "s

extremely important in terms of builqing PIO- ' ;ata-f-

charge •,ndicator for life support m4s Lns. ` n s
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I

A6, a-fina-1 point, it should ,be ,noted that statistical

evaluations •based on the -small numbers of test results reported'
in thisi study are somewh at suspect. Much larger numbers of

ba otteries need to be testedý to obtain, a true picture of the

i" acd.uracy and, precision of the predicted results.

410) It is believed that the success

achieved in this limiited investiga-

tion warrants a further development

of this test procedure. This• investi-

-- -Ation- -shouid; -procd~ed ii fou are

(a) Alter .the test circuitry to

permit Optimization of the

test parameters over a wider

range.

(b) Include other types of cells

(batteries) in ,the evaluation.
--..

(c) Evaluate other types-of ,pulse

, .,charging techniques,.

"(d) Test much larger numbers of

cells and batteries.

-94-



R.EFRENCES,

(1) D. C. Jones:, Unsoltiited ,Proposal sibmitted to 'Wright-

Patterson Aiý ,Force base, Radian Corporation

SProposal No. 484-019-71, April 1971.

(2) M. ,G. Natrella, A.eritmental Statistics, National B.,reau

'of Standards Handbook 91, U. S. Government Printing

Office, Washington, ,D. C., page- 2-13 (1963).

'I --- -

-.95



9-6

0

S: APENDIX

Circuit Diagrams; for Discharge Apparatus

0

-96-



CU

~v [

ell~



''PO

J3K

-jqf 7**

93

-~ ~ ~~~~~~~ >07--"------ -'-.-'-.. -..-----------



J5$

0. o Ou

-99-

S. .. ..J .. . . . . .> _



44 *

ONN

C..



* - ,- *- - '1 ?� �

ktj -

I

r. � -�

'W
4

* - *�-N. 0'0 'S

a
I'

I iI - ,'
-0

0

I I
�

I.

V
0

0

A 00

N

I.

A
s'S

-I

tq� �

'S
_____________________
_____ 'Pt.

'4,w



Ele

ml -

1 .14 ,8

I "0i0|

16, 9

IiOO 0 0 0 0 6

10 0 0 0 '0

Board # f

Socket -

_____ MATERIAL_ LIST _____

eig Qty Specifications _ -__anu ._

-, j=f.90 - - Any

__I 1 1 2

-j | +- ,,0+ 

....

I C I _._'_____.____... 
... ..______

Vi .. .. .
1N91i.4 '

-IN,

-10,2-

------------------------------------



I -' 7 ~Bot~tomnle

16:

0- 0

MATERIAL. LIST____

'DegQgm Specif idAtio ns Manu.

1?~~~~~~~~i~L C4 u__ _ _ __ _ _ _ _ __ _ _ _ __ _ _ _



6"2

-~~' 

o?0 0 00 l

(I -. ___

MAERALIS

16 ~iidtos au



JIl

LjC-

P'oA

Ot

All.

94.



v, -- C

Mal__ 
_ __ _

-A- 13 ý

-Otusf ahGA'
CA -- -- -- A -- A - - '

Tidt iiar toi

!ti

on. PCB #23-ad4-

4N 11

AAA

CA4e 
A4[

LO /A

HH2.

'I. Cý

yC5

PS

-106- 
-A



- -2 46-all

Circui11t Location, - same
as previous sh~et-ýexcept

o'n board #2ALl

Ti/I

:1:



S 41

'946- all

circuit location -samed
~~~'~& -_______ s.prvibps sheet

except on, board- #3,

_7W

A

0D

'Do



* - 6 ��6* '�, - - - -�

"6' f6

<6'' �" 6 
,6 - 6

666

i , , i -

6 
9-

<6 '6 
,6 66 

1
- - 6 - 6 '

1. .PCBMI

6<666 
-

I

�'. s 6 
6 

/

6 6 6 -
- (.3 -� ) 6

-- -'-. 

16.

6t6 
6 

�6 
-,-,

6 6 

''61

66fh '6� � 6 -'

-' 
I 6 ''-�� L

<6 qj�

<6 

6

6 

I

6<6 ' 

-� 

V
6 

1

'66 
-

6

66 66 6 

6

6 26 6', <6 �66 

I

61 66 

t 6

'61 1,,
/ 6

6 6 ,

6 6 

6

-t

6 

666 

�6

66666 ,�6666666666,.66666666.'66666.�66.6,.66" 

1o'9-



At

II
101!

-10



C0 t 0 4
o U '01 LFn N~ N; Ui r- LM 00 r, 4r-
_ o4 _.t ON 0 4 0 -ItIH T- ýa.Q D
f* 0 0 '. r- N- f- CN `Nq 4 00'4 r

44 - 4 av4 44 H4NOSOk
A. 44 -, -M N 4 HO

P .4 ý r. 4 ",I

$44

'd4 *r" *r

4'1. r-I P- P tw-4 HH 44 P
r4 4r r r .4 44 * 4 i - *. '-

44 cU) 4J v-4'C U CU CU CU 4
Q)4 0X4 a). 0Z cu~ r- CUH~'- f- ~ 4z

P4 :3 E0 u
H4 >% - ' ) _, 4 0 4 a)

H (1 ) -+ 4 41 _ 0 0 a) P

F4 IN >U 1, H r4 >- W,

44 bOb P.0

0d 0u W, u ) to I P, 0) ri U HX d c
Mr4 10 W. H a 4.4

rz~ -. -. *'- Pp~ ~ 0 00, 1- o

'Ho a ' P Wd 0' 0r
0)rj~ -3 U0 UC
'0CU P CU4I U44H 0P C 4*

H ~ ~ ~ ~ ~ r I I! r 2 0*-

t-i 044 0CbO C
cea H4nU ~ 0

Co 144X C U ' )0 14 C U

0 0 p N 0 rqN

0,- n f4 cq Nm P Q P



'114-

0 f

a ~ 0 -0 '0 0 0 0'

Board #25c/d<

Socket A

,,ATEk-!AL LIST ____

_______ ___ Specif icationis au

A'2-274

~ I IS112-



14 "8,

1 7

,16 9-
V .o q a 0 -'0 a

OL 0 0 0 0 0 0 0

I8

'Board 2-13 arndnI

Socket -0C2

- 4ATERIAL LIST -ý

D66,ign. Qty -Specifictos a
D2N9 i Anv

D~. WW _______f

39i2 ___0_ _

3-/



- 4

14.8!1
00ý 0 0 0 0ý 0

0 Oý ,,0 0 0

16 9

1 8

"Board 2. o

'Socket _ - _

- . MATERIAL LIST
Det.. Qty. Speciffcations Manu.

1A ny ----


