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PROCEEDINGS

INTRODUCTION & KEYNOTE ADDRESS

FORD: I would like to take this opportunity to extend a hearty welcome
to all of you to Goddard Space Flight Center. A lot oi you are familiar, have
familiar faces. Some of you may be here for the first time and for whatever
your reasons for attending the workshop, we are glad you are here and we en-
courage your participation.

The workshop is labeled as a Goddard workshop, but in reality it is your
workshop because without you we would not be here today. We have a very busy
session today. We have the rechargeable cocktail hour tonight and then tomorrow
we finish up the ni-cads in the morning session and tomorrow after lunch we
have an afternoon planned for nickel hydrogen.

As in the past, we have kicked off the workshop with a keynote speaker
and in view of the current NASA impetus on standard spacecraft, staadard
systems, and standard components, it seemed most appropriate that this be the
suhject for this morning's guest speaker. We are honored to have with us this
morning a speaker that has spent most of his professional life devoted to the
space program. He was involved in the early sixties in a number of Goddard
programs including the very successful OGO, Orbiting Geophysical Observatory.
In the latter part of the sixties he served &s project manager of the highly
successful OAO program. Subsequently, he directed a number of study programs
at Goddard which has formed the basis of the standard spacecraft concept, so
it is with pleasure and honor that I introduce to you this morning Joseph Purcell,
Director of the Engineering Directorate at Goddard Space Flight Center and the
leader and principal motivator of the standard spacecraft concept. Let us
welcome Joe Purcell.

PURCELL: Thank you, Floyd. I feel a little bit taken aback. I suddenly
saw the program and saw this was to be a keynote address and Floyd had asked
me to stop over and say a few words, so I hope I will have a few things of in-
terest for you and then let you get on quickly with the rest of the day.

I have a personal interest in ni-cad batteries that extends back to the
early sixties where in the Orbiting Geophysical Observatory we also were at-
tempting to use silver cadmium batteries and after that exposure, have certainly
come fo appreciate the nickel cadmium battery. A little bit later on I got in-
volved with the OAO program, the first OAO suffered from a power system
failure. So as I became project manager for the succeeding OGO's, you can
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imagine quite a bit of attention was paid to the design of the power subsystem,
batteries, the battery charger, solar arrays and the entire subsystem and in
spite of all of that attention several months, maybe four or five months before
launch of the next OAO, during the system level thermal vacuum test, we dis-
covered we had a battery problem. The third electrode failed to give a proper
signal and on further investigation we found that hydrogen gas was being gen-
erated and we really had a catastrophic failure mode on our hands, 80 with the
help of both a lot of contractor and government people there was a real crash
program put together to build a new battery with integration at the Cape which
we did and flew and that spacecraft lasted 50 months until we finally turned it
off because the telescope systems had failed, but the power system was still
working well.

And the last OAO is still up there working well after more than three
years with, again, a good battery system in it, so that really the battery sys-
tems that we are using are the cornerstone of some of their longer-lived
missions.

As most of you know, we have started a standard cell program and later
speakers will discuss that so I am not going to go into detail, but I would like
to tell you how it relates to higher levels of assembly, subsystems, standard
spacecraft, into the future.

First, we are serious about standardization. Ove. the past 15 years
Goddard has launched some 100 spacecraft having 25 different types of space-
craft and they were probably 25 different types of battery packs in those space-
craft and we cannot afford to cintinue that, We don't have the money to put
into the non-recurring development of spacecraft which are needlessly alike.
We have pushed the standardization, not only at the component levels, but at
subsystem and system levels and I see in the future that we will accomplish
our missions with perhaps a half a dozen different types of spacecraft and
there may be even fewer unique components insidge of that spacecraft, like
transponders and computers or even batteries.

Now, the spacecraft that is sort of the cornerstone of this new venture
is the so-called "multi-mission spacecraft". It is a few weeks away from final
approval. It will handle almost all of the so-called "large spacecraft mission
model" that NASA has involving over 40 flights. It is modularized at the sub-
system level, controls module, communications and data handling module, power
system module, and finally a propulsion module and this allows a lot of things.
Two of the most unique features, of course, are the ability to service in orbit
by removing degraded modules and substituting new modules and finally, it
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allows subsystem level type of contracts, because it is a power subsystem, an
entire entity, with the batteries, the battery chargers. The only thing external
to it are the solar arrays.

We will be coming out with an RFP in January for those subsystem mod-
ules. The power subsystem is capable of around 1 kilowatt orbital average
power up to 3 kilowatts peak. It can have from one -- it has options from one
to throe 20 ampere-hour batteries or from one to three 50 ampere-hour
batteries.

Now, we will, in those specifications, call for a battery pack design that
can accommodate either the standard cell now under development and here I
am speaking of 20 ampere-hour, or conventional cells. We will require pro-
posals with pricing for both the standard cells and the conventional cells. At
the time of contract negotiation, the standard cell option will be selected if it
is available. We are not presuming that it will be. We want to keep the option
open to go to conventional cells, but we are pushing the standard cell program
hard and that will be our main line of course if it is available,

The battery pack itself will be, of course, part of that power subsystem
and we will set up the contracts so that battery packs can be ordered separate
from the power subsystem, should people have use for them on something other
than the multi-mission spacecraft, so we expect a vigorous competition on that
power subsystem RFP.

So in conclusion, again, I appreciate you all coming to Goddard every year.
1 will try to answer a few questions at this point related to the future if you have
any, or if not, perhaps we can set up some time for me to come back later.

Yes?
SPEAKER: Will the power system include the solar arrays?

PURCELL: The solar arrays will not be part of the power subsystem.
They are considered mission unique. Some missions have two arrays. Some
have one array. Some are fixed. Some are driven. We don't consider those
as a standard item, although we are looking at the development of standard
panels which could then be configured into whatever size array a mission would
need.

FORD: Please identify yourselves by name and company affiliation.
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SULLIVAN: Ralph Sullivan, APL. Has there been any study to determine
a standard voltage or a number of a series of battery cells that you are now
thinking on?

PURCELL: The study has been conducted. We have basicallv scttled on
the unregulated buss of 28 plus or minus 7 volts for the large spacecraft mis-
sion model,

Okay, again, Floyd, I would be glad to come back or Frank Cepollina
come back if there are questions that develop later relating to the procurement
of the power subsystem and how the standard cell program f{its into it.

FORD: Okay. Thank you, Joe.

I believe this marks the seventh year we have had a workshop and in look-
ing back ¢ -er the past years, it has come to my attention that there are a couple
of people here at Goddard that have put a lot of effort into it every year and 1
would like to acknowledge those people. You are going to be seeing them and
talking to them and you all know them, but I would just like to acknowledge one,
Gerry Halpert, the prime motivator of the workshop and the principal contri-
butor to putting this thing together every year and also Tom Hennigan as far as
their contribution to the workshop.

HALPERT: At this point, T would like tv give you just a brief update on
the standard cell program.

As you know, there are two phases. The first phase involves the docu-
mentation phase which requires the produciion of an MCD, Manufacturing
Control Document, from each cell manufacturer. The Manufacturing Control
Document will be a complete document detailing ail processes, stepwide pro-
cedures the manufacturer utilizes from the plate manufacturing through the ‘
end of cell delivery. It will, as we view it, include sll QA and QC documentation,
all drawings/document numbers, revision numbers, and all of those documents
dealing with the manufacture of a cell.

We have assured the cell vendor that this will not give license to anyone
other than the authorizud government official to go in and look at their plate
making operation. They are entitled to a proprietary operation and obviously,
plate making is one of those operations. We are going to assure through this
contract that the documentation does exist, that measurements are being made,
and that the cell manufacturer is living up to his requirements under the con-
tract for standard cells. The documentation will be maintained for a minimumn
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period of five years so that hs. can then reproduce the cell to the same docu-
rentation over that period.

(Slide 1)

As you see, we have awarded at this time four contracts with the vendors
shown. They are in the process of producing the MCD's. We have received at
this moment four advanced copies. Actually, I have received three, one, I
umderstand is here at Goddard somewhere, draft copies of the non-proprietary
documents. These are documents which they agreed to ship to us for our re-
view. The proprietary documents would be reviewed at the premises of each
manufacturer. Two of the draft copies of the master MCD which will include
all documentation, have been reviewed at the facilities and they are being up-
graded and updateci to encompass all of the requirements.

(Slide 2)

The second phase, will be awarded based on the performance under phase
A. The basic for award is the inclusion of all required documents and the meet-
ing of the standard cell work statement. Upon meeting those requirements, we
will the.. award contracts for building standard cells in the following manner;
we are going to build 40 sealed {light quality standards from which we will select
22 for our first standard battery. The remainder of the cells as shown under
A, B, C, and D in the second section there will be used for testing at either NAD
Crane or other facility to determine what the characteristics of these standard
cells are.

HALPERT: The only specifics at this moment are that the capacity
range has to be within 22 to 26 ampere hours with a tolerance from the average
of plus or minus five percent, that the cell be within an envelope which was
shown last year at the last workshop and it weigh less than 1 kilogram. We
haven't put a requirement on the actual weight. We assume that the manufac-
turers will, in their MCD, have a weight with a tolerance requirement in there.

We are scheduling the award, or start work, on January 1st. We assume
that we will have the cells in house at nine months after the award. Now, the
key thirg about this operation is that we hope to be able to select .hose 22 cells
from the cell manufacturer's data, not wait and do a cell selecticn at the stand-
ard battery vendor's facility as we have done in the past with primes who
selected batteries bused on their own testing. This is an anticipation of trying
to reduce costs by eliminating the major cost item, namely, all the additional
testing and, or course, to reduce the wear out on the cells,
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Following this will be, as Joe Purcell mentioned, the Standard Battery
Program. These available standard cells fitting into that envelope will be fitted
into a Standard Battery design which will be the output of a contractor selected
for developing the ZOAH Standard Battery package. That will come later on
next year, as indicated.

That is all I have with regard to the standard cells. Does anyuody have
any question with regard to the present situation, the standard cells, or where
we are going?

Please identify yourselves by name and company.

GROSS: Sid Gross, Boeing. Gerry, is the geometry of the standard 20
the same as the geometry of the existing 207?

HALPERT: Yes. The geometry was selected so that a cell can fit
within an envelope which is the accepted envelope for all manufacturers. In
other words, none of the manufacturers will be precluded or have to redesign
their case. Another one? Yes?

KRAUSE: Stan Krause, Hughes. Gerry, you said one thing that worried
me a little bit and I wonder if you could refresh my memory also about the
level of general industry participation in the evaluations and the direction that
the standard cell is going, because as I see it, some day you are going to come
to a Hughes or a Boeing or TRW and say, '"You have got to use our standard
cell." We are responsible for it in building your standard batteries. You guys
have designed it the way you want to design it, and now on top of that you are
talking about reducing costs by eliminating a lot of testing which we have done
in the past which we may feel is relatively important. Is that the way you intend
to go? Is there going to be any additional industry participation in the design
of the standard cell and what are your general plans in that regard ?

HALPERT: We are essentially not designing the standard cell. We feel
as though the vendors, the cell vendors, have much more experience and knowl-
edge in building cells than we do as contract monitors and as technical people
from this end, so the cell vendors are being asked to themselves come up with
an MCD which details their process. All we really are asking for is for them
to document their own process and for us to be assured that certain measure-
ments are made as they say they are going to make them. If plaque thickness
is an important property, we would ask that they make that measurement, that
they tell us they are going to make it and what the requirement is, who is going
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to make it, how often it is being made. That is all we are asking for. We just
want them to document their process. We are not telling them how to do it.
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With regard to the relationship between a vendor and a prime, it would
be up to the vendor and the prime to work out an arrangement. If the vendor
wants to show the prime certain aspects of his process, that is certainly up to
him. We are not requiring him to open up his facility to anyone, that it would
be on a relationship with you and him.

HBE N e o g A f

Now, we are also not saying that we eliminate all testing. Obviously,
some testing has to be done, but all we are going to do is eliminate the redundant
testing of having menufacturers, the cell manufacturer, go through a whole
series of tests, come out with data and which essentially matches cells under
the same conditions and then have a prime go and do the same thing. All those
tests that would be additional would be as we see them, tests that would be re-
quired for his particular mission rather than another set of cell matching.
Now, we would like to minimize that because we already have the data. We
have to do the cell selection from the manufacturer's data. Does that answer
your question ?

KRAUSE: It answers the question. It doesn't allay my fears.

HALPERT: We aren't in a position to be able to say obviously, we can
do it or we can't do it. This is the direction we are going and we would cer-
tainly hope that that would be the way. It also depends on the manufacturer's
testing ability whether he can test in a uniform way so that we are sure that
we have a match. Our concern is about lot-to-lot variations and I will say
something about that tomorrow. We have fears and we have concerns ourselves,
and this is the goal we would like to look for. This is where the cost saving
really is going to come. The cost saving is not going to come on a cell basis
as we see it, in talking about standardizing the cells and low cost office support-
ing us on this., We don't think we can lower the cost on them, per cell, because
we are .sking for more testing, but we think we can lower the cost by reducing
the amount of electrical testing that we do. That is where we think we can save,

Any other questions or comments ?

HELLFRITZSCH: I haven't been to the last few of these. Hellfritzsch.
I represent myself. I take it from the papers or the Vugraphs I saw *:ere,
that each vendor will prepare a master set of drawings including his non-
proprietary and his proprietary data and then these 54 cells will be made each
by his own. The real test of whether or not you have an adequate MCD is
whether someone else can take the set of drawings that you think describes
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everything and duplicate what the vendor whose drawings we are talking about
makes. Has any thought been given to that?

HALPERT: That is okay for wire wound resistors, but in the battery
business and the nickel cadinium business in particular, there are different
processes and to set up one process that would encompass one manufacturer's
operation and have everybody do that same process would be extremely difficult
if not even impossible.

HELLFRITZSCH: Well, the only reason I bring this up is that the ex-
perience we have had in trying to get the same sort of thing is that even the
most conscientious man often does not write down things that are pertinent.
They may do them the same way all the time and then once in a while because
of a change in personnel, the guy that does a certain thing which is not written
down, the other guy does it a little differently and all of a sudden the quality
isn't the same and yet all of the items which have been written down were done
in identical fashion.

HALPERT: Well, we are quite concerned about that aspect of it and that
is why we have required that as part of the quality documents that the stepwide
testing, all tests done, the frequency of tests, the responsibility of the individual,
all will be required for each step of the process, not only at the very end. We
don't want to just take a cell and see that it is 1.2 volts and say, "Okay, you
made it just like the last one." We are going to start and by accepting at e
various levels. If they haven't met the plaque requirement, we are going tu be
concerned about that and if they haven't met the impregnation level, we are
going to be concerned about that, and these are going to be documented. These
tolerances will be documented.

HELLFRITZSCH: Okay.

HALPERT: Any other questions concerning standards? Okay, if I can
now deviate for a moment -- oh, another question? Why don't you gentlemen
come have a seat? There are plenty of seats up here.

SPEAKER: Gerry, what test or verification do you people at Goddard
plan once you get these cells in?

HALPERT: Well, there are a whole series of tests and they are fortu-
nately not under the standard cell program. They are part of the follow-on
program with the standard battery. Thoere will be a series of test that Crane
has done before which we will include. Characterization tests, accelerated
tests, chemical analysis and life tests.
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HALPERT: At this point we will begin the first of the regularly scheduled
sessions. This session is on separators.

Our first speaker for this morning, as indicated on the first slide here,
Hong Lim is going to speak on separators.

LIM: 1 am Hong Lim from Hughes Research Laboratories. I am going
to talk about stability of nylon separators this morning. We have been studying
the stability of nylon separator material for ni-cad batteries in accelerated
conditions.

LIM: This is a continuation of the study on which Dr. David Margerum
gave an introductory talk last year. The studies are still going on and this is
another progress report. Hermetically sealed ni-cad batteries are extensively
used in space applications, but the failure mechanisms which control their life-
time are not well understood. Several of the important problem areas of the
ni-cad batteries may be related to the stability of the separator which is widely
used in the batteries, loss of overcharge protection, cadmium migration, internal
short formation, separator dry out, gas pressure build up, and dating of cell
voltages are the examples of the problem areas which might be related to the
separator stability.

(Slide 3)

LIM: FirstI would like to talk about possible pathways of nylon degrad-
ation in ni-cad batteries. There are three possible ways. One is hydrolysis
followed by further oxidation, electrochemically or chemically by molecular
oxygen or chemically, the direct oxidation of mylon and followed by further
oxidation of the primary product, and direct electrochemical oxidation.

This morning I would like to talk mainly on the first pathway and a little
bit about the second pathway. The sample that we use is Pellon 2505 nylon
woven felt material which is widely used in space ni-cad batteries. The material
was identified as Nylon 6.

LIM: The hydrolysis reaction was studied in flooded conditions in 34
percent KOH in sealed teflon tubes. The temperature ranged from 110 down to
70 degrees. The 70 degree one is still going on and we are planning to study it
at lower temperatures in future studies. The reaction was followed by three
methods, decrease of the sample weight, change of the average molecular weight,
and by chemical analysis.

(Slide 4)
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1..M: This Vugraph shows the weight decrease as function of reaction
ti ne. lhis is heterogentous reaction. The theoretical rate equation is not
availr.le at this moment. However, it is important to know the rate constant
st difterent temperatures in order to extrapolate the rate data to the battery
operaling temperatures which is elose to room temperature.

(Slide 5)

“IM: We plotted 2/3 power of the weight decrease against the reaction
time 2 d this plot empirically gave us straight lines and we took the slope of
the stiaight line as the relative weight constant at different temperatures in
order to get the activation energy.

(Slide 6)

LIM: We did the same thing on the change of the average molecular
weight of the sample by the weight of the viscoscity average of molecular
we.ght. We took a log of the average molecular weight and plotted it against
the reaction time. Again, empirically it gave a straight )Jine and we took the
slope as relative weight constants at different temperatures.

(Slide 7)

I.IM: This activation energy plot by two different methods gave 19.7
kilocaleries per mole of activation energy by the weight decrease and 19.3
kilocalories per mole by molecular weight change. These two data agree very
well, indicating that an empirical method of obtaining the relative weight con-
stant is working well, but the actual value of the activation energy is discussed
later.

LIM: A chen. .;al analysis shows the main hydrolysis products are the
six aminocaproc?~ acids. However, the quantity of the six aminocaproate acids
analyzed did r -t account for 100 percent of the weight decrease, meaning that

there was - small amount of unknown compound which we are planning to analyze.

lide 8)

LIM: The mechanism of the hydrolysis is shown here. This mechanism
was suggested by others as a result of the study of the base hydrolysis of capro-
lactam which {5 a cyclic monomer of Nyion 6. The reaction is by molecular
reaction .:rs. order and the concentration of the substrate first order and the
concentration of the hydroxial ion and given the overall nylon reaction of this,
the Lylon reaction is nylon reacts with hydroxial ion to give 6 aminocaproate.
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(Slide 9)

LIM: The next thing I would like to discuss is the effect of oxygen on the
reaction rates of nylon. We studied the reaction of the nylon in 34 percent KOH
solution at 100 degrees under one atmospheric pressure of oxygen and the weight
decrease data is compared with the hydrolysis reaction which is in nitrogen.
This is shown in this slide, on the Vugraph.

LIM: The reaction in the oxygen is a little bit faster than the hydrolysis
reaction, indicating that it is a contribution of direct oxidation by molecular
oxygen. We are plamning to study this reaction in further detail, but I would
like to point out that this oxidation reaction, even though it is just a little bit
faster than hydrolysis at 100 degrees, it might be relatively more important at
lower temperatures because of the higher oxygen solubility at lower temperatures.

(Slide 10)

LIM: The chemical analysis of the reaction product showed ammonia
and adipate ion in addition to six aminocaproate which is the hydrolysis product,
indicating the mechanisin, the probably mechanism of the oxidative hydrolysis,
the first mechanism is suggested again by others as a result of a study of oxi-
dation of caprolactam and caprolactam melt. Oxygen attacks the carbon atom
next to a nitrogen atom to give a super oxide and giving dicarbonate compound
and a compound with carboxylic group and amide group and this amide group
would be hydrolyzed in the presence of aqueous KOH so that the net nylon
reaction expected is this, giving adipate and ammonia which is confirmed by
chemical analysis.

(Slide 11)

LIM: The next topic I would like to discuss is electrochemical oxidation
of the primary hydrolysis product which is six aminocaproate. We studied six
aminocaproate and caprolactam which is a cyclic monomer of nylon, by cyclic
photometry. In 30 percent KOH the nickel oxide electrode and carbon electrode
at room temperatures.

LIM: The black curve shown is the blanker cyclic photomogram of the
nickel oxide electrode. This couple is nickel 23, a redoxicouple and six amino-
caproate is added. An irreversible oxidation peak was observed at potentials
slightly annotic to the potential of the electrode couple, while the caprolactam
didn't show such oxidation, indicating that six aminocaproate is oxidized in this
condition in an appreciable rate, while when the reaction was, the study was
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repeated, the glacycarbon electrode, no such oxidation was observed, indicating
that this oxidation of six aminocaproate might be catalyzed by nickel oxide.

(Slide 12)

LIM: In oxrder to find out what the reaction product of this oxidation is,
we electrolyzed six aminocaproate using battery electrodes in 34 percent KOH,
again, at room temperature, and analyzed the reaction product by gas chromato-
graph. The black curve is the gas chromatograph of the aminocaproate solution
before electrolysis and after 30 minute electrolysis at about 1.7 C rate the six
aminocaproate was oxidized to adipate and further electrolysis shows -- indi-
cates that all aminocaproate oxidized to adipate and adipate is partially oxidized
to glutarate and succinate.

(Slide 13)

LIM: As indicated by the reaction, the reaction rate is quite fast. In
about -- well, the last oxidation condition was a seven minute at 1.7 C rate and
18-1/2 hours at 1/10 C rate. All the aminocaproate was oxidized to adipate,
indicating that the oxidation rate is quite fast and the oxidation of the adipate
ion to glutarate and succinate was further confirmed by repeating the experiment
using a sample of adipate ion.

(Slide 14)

LIM: The probably sequence of the electrochemical reaction of amino-
caproate ion is this; aminocaproate is oxidized tu give adipate, liberating
ammonia. The adipate which is a six carbon diacid is further oxidized to give
a five carbon diacid which is glutarate, glutaric acid, and four carbon diacid
and probably three carbon, two carbon, and finally two carbonate.

LIM: We identified ammonia, adipate, and glutarate and succinate by
chemical analysis and we are planning to study this reaction in further detail
in future studies. 'The confirmation of this sequence of reactions is important
for understanding the overall degradation mechanism, overall degradation
reaction of nylon and especially concerning the geometric nature of the reaction.

LIM: We also observed the oxidation, the chemical oxidation of amino-
caproate at 100 degrees, giving adipate and ammonia too.

(Slide 15)
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LIM: This is the summary of the probably overall reaction of the nylon
separator. Nylon separator can be degradated by hydrolysis and reaction to
give aminocaproate ion and the aminocaproate ion is further oxidized electro-
chemically to give adipate or by oxygen to give ammonia or by oxygen, direct
oxidation by oxygen or by direct oxidation electrochemically. Every step should
give a lower molecular fraction of the nylon which is fed back to the original
reaction and the adipate ion is further oxidized by successive oxidation probably
to carbonate and ammonia might involve a so-called "nitrogen shuttle reaction"
to promote the self discharge of the battery and finally ending up with molecular
nitrogen.

The rate lines and the compounds, the pathway drawn by red lines indicate
that we were so far working on and a little bit on the second.

We are planning to continue this work to have a complete picture of the
overall mechanism of nylon degradation.

(Slide 16)

LIM: Assuming this adipate ion is oxidized all the way to carbonate and
ammonia with molecular nitrogen, the overall reaction of the nylon would be
this: one monomer unit of nylon would react to 16-1/2 cadmium hydroxide and
12 KOH giving cadmium and potassium carbonate, nitrogen, and water.

(Slide 17)

LIM: We calculated the consequence of 10 percent nylon oxidation in
typical 24 ampere-hour ni-cad batteries, assuming that it initially contains 13
grams of nylon and separator and 80 grams of 31 percent KOH solution and 10
to 13 hours ampere-hours of overcharge protection. After 10 percent nylon
degradation, the overcharge protection would be vi tually gone and 9-1/2 grams
of potassium carbonate would be produced and the concentration of KOH would
be reduced to 19-1/2 percent from 31 percent and approximately 16 grams of
water would be generated and 141 cc of nitrogen would be generated at the
standard condition. This indicates, especially the reduction of the overcharge
protection that 10 percent nylon degradation by this mechanism is fatal to the
battery life.

(Slide 18)
LIM: I would like to come back to tF> meaning of the values of the acti-

vation cnergy we observed. Assuming that is a hydrolysis pathway, a slow
hydrolysis, fast oxidation, neglecting the glass transition effect which is reported
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to be observed between 40 and 52 degrees centigrade depending on the others
reporting the value. In the flooded condition we observed 19.3 kilocalories per
mole of activation energy by the average molecular weight change and 19.7
kilocalories per mole by weight decrease method. This corresponds to 6.3 here
and 7.1 here for the time and for 10 percent degradation of nylon. This result
indicates that the separator of ni-cad batteries would be degradating at a signifi-
cant rate even on the shelf without being used. Thank you.

HALPERT: Do you have any questions ?

HENDEE: Hendee, Telesat/Canada. This isn't my field, but the question
I have is how much oxygen is used up in your intermediary processes and your
end carbonate result? In other words, the carbonate is the end product. There
has got to be a timeframe in there. I just don't understand. Assuming we re-
move so much oxygen from a cell, some of it is being tied up in the intermediary
before it gets to the end, say, carbonate, that we can observe in that cell. Do
you have any feel whatsoever for what the percentages are ?

LIM: Well, the percentage is indicated by this reduction of cadmium
hydroxide. The oxygen would be the continuously generated positive electrode
and reacts with cadmium on the negative electrode to give cadmium hydroxide.
The reduction of the cadmium hydroxide is the equivalent of using up the oxygen.
Is that answering your question?

HENDEE: No, not really. Okay, out of a cell I can observe now much
oxygen I have lost, probably due to separator degradation. I can also see build
up of certain end products such as carbonate, what have you, but somehow that
oxygen is tied up in intermediate processes and I am wondering if I take a look
and I know how much oxygen I started out with, I see I have reduced this much,
I have got so much carbon, I can't account for the entire -~ I can't account for
it in a normal electrochemical analysis of a cell. What I am wondering is
percentage-wise how much oxygen is normally in that cell, say, running at 25
degrees C? How much is tied up on these intermediate steps as opposed to
where I am able to see as an end result, i.e., carbon?

LIM: I guess I don't still completely understand your question, but in
the intermediate step we don't -- in my study I cannot predict how much oxygen
is involved in the intermediate step but my guess is the percentage of oxygen
involved in the intermediate step will not be very important.

HENDEE: Thank you.
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MCDERMOTT: Pat McDermott, Coppin State College. I was just wonder-
ing if in cells cycled at high temperature you certainly find more carbonate. Do
you detect nitrogen and what form would you expect to show up? I mean, you
have seen the cycled cells. Have you detected the nitrogen as one of the end
products,.given a lot of degradation in the separator ?

LIM: Well, we didn't study the actual cell, but I heard that some people
had detected the nitrogen in the cycled cell. I forget who.

HALPERT: Dunlop, Comsat?

DUNLOP: Dunlop, Comsat. We have two programs that substantiate the
work you have very nicely in terms of longterm testing where one program is
Telesat's program in which you do an analysis. Those cells have been testing
over a period of I think four years now and our cells are over a period of six
years now in Comsat [V and we have been making the carbonate level build ups.
We would like to know the increase and the shift in precharge. The numbers
seem to correlate very well with your numbers except that we were using an
activation energy that we got from Dr. Mauer's paper about four or five years
ago on the hydrolysis. I think that the interesting thing is that we predicted --

LIM: I guess the worse, then, may not be the hydrolysis because it was
obtained by the degradation of the cell by the continuous overcharge, if I under-
stand right.

DUNLOP: That is what I meant.

LIM: SolI guess with that activation energy it might be from the com-
bination of the hydrolysis and direct oxidation.

DUNLOP: That is absolutely true. I think the interesting thing was if
you take -- the numbers are that if you take a standard cell design the way they
are today you generally can predict on a real time basis about seven years life-
time before you will complete the overcharge protection and get some results
and we are beginning to approach that point now in the results we have had on a
real time basis. We do see the nitrogen build up. We do see the increase on
pre-charge about what we would predict. We see the carbonate build up of I
think it has been about 8ix or seven grams in the cells and it is approaching a
limitation in the overcharge protection very much due to this.

LIM: Thank you.
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HALPERT: Before we go on from here, I think we have several more
papers on separators and maybe we can defer it a little bit and then come back.

Tom Hennigan is our next speaker on separator materials.

HENNIGAN: For the past couple years we have been reporting on various
tests on separators made from different materials and last year we had a gro-
cery list of materials up there from Grace, one material from the Canadian --
some radiated WEX 1242 which is a GAF type material, and the usual nylon.

The way we cycle these cells is as before, 25 percent depth of discharge, 25
degrees centigrade. The overcharge has to be kink of tailored for each type of
material, but it is of the order of 110 percent and at every 2,000 cycles we re-
move a cell and it is opened up and analysis is made of the separator and then
the whole pack is extracted to determine the amount of carbonate and so forth
in it,

(Slide 19)

HENNIGAN: That is the Pellon nylon 2505. We tested it a couple of
years ago, but in that cell we had 26 cc's of electrolyte which is quite a bit for
a six amphere-hour cell. On the Y axis I have the retention of electrolyte in
grams per cc. The electrolyte is hydroxide, carbonate, and wa. r, and anything
else that might come up. The X axis shows the number of cycles.

HENNIGAN: We tried a Grace nylon this time and in this one we put I
think it is 22 cc's of electrolyte. This seemed to stay fairly stable and putting
in 21 cc's in the Pellon cells this time it stayed stable there. One of the prob-
lems we had with test 1 was a very high pressure cell, but we could nurse it
along and make it run and finally it would settle down and cycle. It is always
difficult to determine how much electrolyte to put in these cells with new
separators.

(Slide 20)

HENNIGAN: Well, we had some materials from Grace. These appear
pretty good. They weren't drying out too fast, but there is one little problem
with the set. We analyzed this after we made our capacity check and I think
we are reconditioning these cells by driving the electrolyte back into the sep-
arator. A couple of years ago I showed tests where we cycled about 10,000
cycles and we took a cell out before we reconditioned and after and you could
definitely see an increase by about a factor of two in the amount of electrolyte
in the separator.
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HENNIGAN: One of the ones here that came out pretty good was this
32W which stayed pretty stable during the whole test and I have some data to
shown that.

(Slide 21)

HENNIGAN: We did have two more materials which was a Canadian
material which was used on the ISIS satellite and it is a polypropylene. T don't
know why it took this dip, but that is the data we got. The other GAF mate vial
which is a WEX 1242 was grafted with acrylic acid by RAI and its performance
was fair during the test.

(Slide 22)

HENNIGAN: Here is some typical information on these materials.
Pellon is on the top and the initial capacity was 7.6. Now, the capacity, the
top number is obtained by running the cell down in cycle and see how much
capacity you have to .75 volts. In that case the voltage at the midpoint was
about 1.07 which you expect. Then when you recondition or do another capacity
check, the capacity is about the same but you have improved the voltage, and
you might say it is similar for Grace nylon. You will see most of the polypropy-
lene has really lost capacity but if you've conditioned them they will come back
up. It looks like you would have to recondition polypropylene cells of this type
to improve capacity and also to improve voltage where nylon build up will hold
its capacity fairly well. Also, for information, the voltage at end of discharge
at 5,000 cycles is shown. It looks like Grace nylon is doing fairly good and the
polypropylenes are coming down in voltage.

HENNIGAN: We will continue these ceils until about 6,000 cycles where
we take them out and then discontinue the test, but I really feel that those
polypropylene cells were really drying out on us and that capacity check we give
them puts them back in the baligame. So I would like to thank the people at
Crane for running these tests, Jim Harkness and the fellow who did the analysis
itself, Don Lewis. Thank you very much.

HALPERT: Any questions for Tom ?

SULLIVAN: Ralph Sullivan, APL. Tom, are these standard cells made
by GE or -~

HENNIGAN: I am sorry. Eagle Picher six ampere-hour cells. That is
what they normally furnish.

17
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SULLIVAN: Okay, thank you.

HALPERT: Yes, Helmut?

THIERFELDER: Thierfelder, GE. What is the definition of a cycle ?
HENNIGAN: 25 percent depth in 30 minutes and recharge in one hour,
THIERFELDER: One hour?

HENNIGAN: Try to keep the overcharge down around 110 percent but
some you have got to do a little more and some a little less, but on an average.

SCHULMAN: Joe Schulman from PSI. What type of conditioning cycle
did you go through?

HENNIGAN: It was timed for 16 hours at 600 ma,. and then discharging
at a 3 ampere rate to .75 volts.

HALPERT: Sid?

GROSS: Sid Gross, Boeing. Tom, do you attribute the loss of electrolyte
retention as a change in wetting and surface tension characteristics ?

HENNIGAN: Well, I really don't know. It seems to be a competition
going in the cell for the plates and separator, but why it happuns I really don't
know. Nylon does hold up fairly well as you notice and with an agent, I don't
think there is any magic.

SPEAKER: What was the difference in the overcharge voltage between
the separator ?

HENNIGAN: I couldn't hear you.
SPEAKER: The difference in end of charge voltage.

HENNIGAN: Well, I gave you the midpoint voltage, ckay? We take them
down to .75, each cell.

HALPERT: End of charge.

HENNIGAN: Oh, I am sorry. As I remember, they stayed fairly constant,
1.45 and 1.42.
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HALPERT: Thank you, Tom,
HENNIGAN: Okay.

HALPERT: Our next speaker, Pat McDermott, Coppin State College,
is going to speak on some work that he did on cadmium migration this last
year,

MCDERMOTT: This is some work that I did during the summer as a
summer fellow with the minority colleges program here at Godds>a.

MCDERMOTT: 1 was looking at some of the test results that have come
fro~. Crane and some other data to try to see if we could build some sort of a
model for cadmium migration and what I have done here is just to outline
several, oh, seven or so occasions where we tend to find more ~admium migra-
tion and less cadmium migration. Cadmium migration, of course, - » difficult
to define precisely, but it would be just the movement of active material out of
the negative, either redepositing on the surface of the plate or even in the separ-
ator area and some tests at Crane have shown that in general the near-earth
orbit seemed to have more difficulty with cadmium migration than the synchro-
nous orbits.

When you have hot temperature versus low temperature you have, partic-
ularly around 40 degrees and so forth, you have a degradation of the separator
and a heavy migration there. High carbonate versus low carbonate seems to
increase the cadmium migration quite a bit, There is -- this was shown rather
conclusively in a study reported by Barney and colleagues at the Seventh Inter-
national Power Sources Symposium in 1970, The conclusior that they reached
was that high carbonate contents resulted in reduced cycle life due to cadmium
migration through the separator.

(Slide 23)

MCDERMOTT: Now, I indicate here a random storage mode test versus
shorted or trickle charge test. This was done also out at Crane and the resuits
shown that the random storage which inciuded various charge and discharge
regimes coupled with a lor« open circuit discharge, the cadmium migration was
much larger here than with either the shorted or the trickle charged cells.

In other tests the polypropylene separator versus the nylon separator,
the polypropylene picked up a lot of cadmiium and in the same test regime with
the nylon the cadmium seemed to penetrate totally through the polypropylene
whereas on the nylon it remained much closer to the surface of the negative
electrode.
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(Slide 24)

MCDERMOTT: The next, dry separator versus wet. This i8s very quali-
tative, of course, but -- and this is possibly related to the type of separator
material. When you break down a cell and you find heavy cadmium migration
the separator tends to look dryer. This is not quantative at this point and I am
not sure what the cause and effect here is. In other words, this heavy cadmium
migration dry out the separator or does the dry separator cause more migration?

The last one *here, heavily loaded negative versus lightly loaded. Here
again it is a qualicative observation and possibly one that we would be looking
more to in the future if negative plates are continuing to be loaded as they are.
All right, this is more suspicion than a direct data.

Now, just looking at a model of how cadmium migration might take place,
we see that several steps must occur for this to happen.

(Slide 25)

MCDERMOTT: One is the generation of a soluble cadmium species in
the negative and its transport toward the separator area, toward the positive,
and its recrystallization in *he separator on the surface of the negative plate,
and we did some x-ray defraction on what that material was and several other
people have done this and it looks pretty much totally as beta cadmium hydrox-
ide, hexagonal form. We did tests on these polypropylene separators and found
almost 99 percent in one and 95 percent in the other.

Now, looking at what might be the mechanism for generating the negative
ion, we find here on this charge using a dissolution precipitation model, that the
cadmium would pick up three hydroxides and form a cadmiate ion. This would
be during discharge. Also, some residual cadmium hydroxide in the cell could
pick up hydroxide and also become a cadmiate ion. Then there is some evidence
of the generation of a tetrahydroxi cadmiate ion here. Lake and Goodings and
others have shown this will occur in snlut'ons of high alkaline concentration.
Other possible ions are carbonate cadmium complexes.

Then, two mechanisms for transporung these ions into the separator
area would just be a simple convection type migration of electrolyte in and out
of the negative plates during charge and discharge and probably the most prom-
inent would be the electroferesis effect where negative ions would be transported
by the electric field toward the positive plate and when they reach the separator
area we would have reverse reactions here where the cadmiate ion would be
reprecipitated and would be reprecipitated as cadmium hydroxide.
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(Slide 26)

MCDERMOTT: Now, looking at the solubility of cadmium in alkaline
solutions we find here that the cadmium solubility as a cadmiate ion would
depend very heavily upon the KOH concentration and the temperature, so it is
very temperature dependent and very dependent on the alkalinity just in the
range that the cell would operate on, here, probably around 7 normal we find
that from zero to 25 there is an increase and a very high increase up to 50
degrees C. Also, with carbonate in solution let us take around two to three
normal that we would also have an increase here.

Now, again, the cadmiate species would be this cadmiat*- ion in the
tetrahydroxicadmiate ion and these would predominate with tae higher OH
concentrations,

MCDERMOTT: Now, here is a table which shows -- this is reproduced
from an excellent X report which Gerry Halpert just put out which shows the
change in the solubility of the cadmium hydroxide with the changes in the KOH
concentration. Now, you stick 31 percent KOH in the cell and you add percharge
and you start cycling it. The KOH perceni will decrease just by the generation
of water during charging and these changes, I think, might be very significant
in terms of the reprecipitation of the cadmium hydroxide in the separator. A
six amp. cell, for example, between total charge and discharge would range
somewhere from 23 percent KOH up to over 28, so you see here that this could
range from .8 to, say, 1.25, almost 50 percent change in solubility there.

(Slide 27)

MCDERMOTT: Now, looking now at the transport mechanism, how the
cadmiate ion gets into the separator space, I have mentioned two here. There
might be more. General convection, we are looking here at the change in the
void volume inside the negative plate as you go from discharge to charged nega-
tive using just some data from Miller and Thomas. It shows that a porosity
change from, say, 50 percent to 67 percent would, in a sense, squeeze the elec-
trolyte back out into the separator area during the charge-discharge cycle.

Just a little calculation on a six ampere-hour cell, if you totally discharged it,
you would change the void space in there by a couple of cc's. Now, of course,
this is not in an operating cell. This wouldn't be hard and fast because you would
have blockage of pores and so forth, but there is a notable migration of elec-
trolyte in and out of that negative.
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Electroferesis probably accounts for most of it. Here I show some results
reported by Meyer at the fall meeting of the Electrochemical Society where he
took cadmium hydroxide, put it into a 34 percent KOH solution and increased
the carbonate concentration. It ranged from .8 to 9 percent. The data shows
very dramatically that the increase in the carbonate ion increases the weight of
the cadmium hydroxide which is migrating and this, we assume, is again in the
cadmiate ionic form and the mobilities down here would show a significant
strength of the field for moving these negative ions.

(Slide 28)

MCDERMOTT: Now, if we get the negative ions into the separator area
we have got to talk about the recrystallization process and here I am relying a
lot on the precipitation, dissolution-precipitation reaction of charging and dis-
charging and the crystal growth.

Now, if we look at what effects crystal growth, we see that small crystals
will generally be formed in highly saturated solutions whereas in more dilute or
less saturated solutions we will grow large crystals and let us look at here the
factors which would indicate more or less saturation.

MCDERMOTT: The first two are higher temperature and higher alkaline
concentration. In the previous slide we saw that the cadmiate ion was more
soluble and therefore less -- you would have a less saturated solution at the
higher temperature and higher hydroxide. The same, of course, over here,
that lower temperature, lower hydroxide, the solution would be more saturated.

MCDERMOTT: Looking at lower discharge rates and higher charge
rates, in the case of the lower discharge rates, the dissolution reaction would
occur more slowly and so would as a result, the precipitation reaction, so you
would have less cadmiate ion around and therefore a less saturated solution,
therefore, this would encourage larger crystal growth. Also, with the higher
charge rate the cadmiate ion here would be -- would form the cadmium more
quickly and therefore this would be removed at a faster rate and therefore you
would have a less saturated solution. The same logic would hold over here
that for higher discharge rate and lower charge rate you would have a more
saturated, highly saturated solution so the crystals would tend to form more
quickly in the negative plate itself.

Now, I am assuming here that the factors which encourage large crystal
grawth will also encourage more cadmium migration, for two reasons. One is,
in a less saturated solution the cadmiate ion would have more time to be moved
out into the separator area either through e.ectroferesis or convection and after
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it gets out there if you have conditions which will precipitate larger crystals,
then you will build up a residue in the separator area which is difficult to dis-
solve and we found, for example, in the polypropylene separators that had heavy
cadmium migration that we had a difficult time dissolving the crystals even in
the solution that we use normally for the analysis of cadmium hydroxide to dis-
solve the cadmium hydroxide. I am not sure at this point why this occurred but
this very heavily concentrated ammonia extraction solution did not dissolve
these crystalline growths very rapidly.

MCDERMOTT: Comparing the near-earth orbit with the synchronous
orbit, now relative to each other, near-earth versus synchronous, the near-
earth is going to have a lower discharge rate and a higher charge rate. Now
these are relative terms again. If you are discharging to 25 percent in 90
minutes, that is going to be a lower discharge rate than, say, the 72 minute
discharge to 80 percent for the synchronous orbit. Higher charge rate, you
have to put back 25 percent in 90 minutes whereas here you have to put back
80 percent in maybe 16 or 20 hours. So you have different relative rates here
and we did notice this higher content of cadmium migration.

MCDERMOTT: Looking, too, back to the higher temperature more cad-
mium migration and higher temperature, we can see that the solubility here
would be different and also in the case of the carbonate, now, you intend to have
a less saturated solution with the carbonate and therefore encourage more
deposit of cadmium. Looking at the storage tests -- I don't have the slide with
me which shcws the large amount of build up in the random storage mode as
opposed to the shorted or trickle charge, but we might look at some of this in
terms of the mechanisms that we have discussed.

In the random mode we have long periods of open circuit discharge. Now
according to the work of Okinaka and Whitehurst and others they show that long
periods of open circuit discharge will build up very i1arge crystals on the nega-
tive surface. The reason for this, again, is that dissolulion-precipitation re-
action. You have less saturated solutions and encourage this large crystal
growth, so long low rate discharge maximizes the conditions for crystal growth.

The charge-discharge regime would promote convection and, of course,
you always have the electrical field present for electroferesis. In the case of
the shorted cells you have the maximum amount of cadmium hydroxide present
but you don't have a build up of the cadmiate ion via the discharge reaction and
you have no or little convection there and no electric field so the shorted would
tend, according to this model, not to give you the intense cadmium migration.
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MCDERMOTT: Also, on the trickle charge, we would have a minimum
of cadmium hydroxide present because it is fully charged. I mean there will
be a lot of it there but it i8 minimum at that point. You have some cadmiate
ions via self discharge but again you are working aguinst the continual charging
process. There is no or little convection in terms of the charge-discharge
reaction, although you have a continuous agitsti: 1 of the separator area by the
oxygen generated at the positive plate, so this would tend to retard crystal
growth. Electric field is present so you would have the electroferesis.

MCODERMOTT: These are just some -- working on some basic hypotheses
ahout the growth and retardation of crystal growth. I tbink we can begin to ex-
plain some of the migration of cadmium. Thank you. Any questions?

HALPERT: Any questions for Pat?

SCHULMAN: Bill Schulman. What was your trickle charge -- what C
rates do you mean by this trickle charge ?

MCDERMOTT: 1 am not sure about the exact figures, but C over 30.
HALPERT: Yes?

WROTNOWSKI: Wrotnowski, GAF. Did you have a theory why polyprop.
tended to migrate more than nylon?

MCDERMOTT: This is a hard one at this point. I think with the -- I
didn't mention some factor which I think is also important, the growth of the
plates and the squeezing out of the electrolyte of the separator. Now whatever
mode we are thinking of, of why polyprop. has less electrolyte in it than nylon,
if the polyprop. has less wettability than nylon, then the plates are competing
for that electrolyte with it, s0 let us say the plates are loading up with more of
the electrolyte. Then you would have more of this convection present, all right?
So that might be one possible explanation.

Also, if you have a dried out separator with the charge and the discharge
you will have a continual movement of electrolyte into that area and back out
apsair and here we have the possibility of increasing the size of the crystal
growth. If it is wet, okay, you would have the migration of the cadmiate ion.
As it is drying out, the cadmiate ion has less tendency to dissolve, so it will
tend to occupy that space until the next charge~discharge, which would tend to
build it up some more, but that is rather speculative at this point, yes.
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SEIGER: Seiger, Yardney. When you add electrolyte to the polypropylene
versus nylon cells, are you making any compensation for characteristics of the
material? Are you using the same amount of electrolyte in both cells ?

MCDERMOTT: I think, Tom, when that test was set up, were the elec-
trolytes gauged for pressure and so forth or were they pretty much the same ?

HENNIGAN: 1 think in the first test they were flooded and then it was
spun and dried out the electrolyte and then it was given a cycle and it wouldn't
come up to capacity and you may add two or three cc's, but they had to balance
out of the pressure because it was pretty hard to do but I say, the cells that had
polypropylene had 23 or 24 and the nylon had 26.

SEIGER: You did have it, then.

MCDERMOTT: Yes.

SEIGER: I would like to make another comment, something in retrospect
that we observed. Cadmium hydroxide is a semi-permeable membrane.

MCDERMOTT: Yes, okay, so that the cadmium hydroxide stays on the
surface of the plate, of the negative plate.

SEIGER: You have cadmium hydroxide in *he solution.

MCDERMOTT: Yes.

SEIGER: And you have a possibility of an electrolyte air exchange.

MCDERMOTT: Yes.

SEIGER: Due to the trapped air. You would be getting a less concentrated
solution going inside the electrode due to the increasing amount of cadmium
hydroxide on the surface.

MCDERMOTT: Yes.

KRAUSE: Stan Krause, Hughes. I want to compliment you on a very
clear organization to the presentation, Howaver, our experience, I think, seems
to be the opposite of what you have been observing. We have found that in our

low-earth orbit or accelerated life test that the growth of large crystals was
almost never observed at the high charge and discharge rates. As we think
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would be expected, it does not promote large growth, but rather, small crystal
growth and our experience is that the large crystal growth occurs on synchronous
orbit tests and in almost every instance it seems to be related to the degree of
electrolyte retention in the separator.

Without doubt, every cell we pull apart that has high cadmium migration
has a dry separator.

MCDERMOTT: Has a what?
KRAUSE: Has a very dry separator.
MCDERMOTT: Yes.

KRAUSE: Cells with wet separators do not have cadmium in them, in
the separator, but I just want to point out that our experience is somewhat the
reverse of perhaps what you have observed.

DUNLOP: Dunlop, Comsat. I don't know if you can answer this question,
but one thing that has been taking place in the battery industry is there are a
number of different cadmium electrodes, primarily process variables such as
concatenation, et cetera and those seem to have, just in our experience, more
effect on cadmium migration than all of the other things you talked about.

MCDERMOTT: Yes.

DUNLOP: I just wondered if this, since there is such a controversy
these days over, at least in my opinion, over what the best choice of negative
is, the question is, has this been par. of your study ?

MCDERMOTT: 1Ididn't go into the teflonation. I am not sure all the
results are in terms of life testing and longterm effects, but the early results
would show that it would cut down the migration which I think would be obvious
through convection. I am not sure electroferesis, how permeable the teflon 13
to this migration of the cadmiate ion, but certainly in te"'ms of convection it
would cut it down. Yes, Tom?

HENNIGAN: I think you showed the result of teflonation some years ago.
I don't remember the numbers on it, but it considerably reduced the cadmium
migration,
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MCDERMOTT: What might also be occurring there is that whether the
cadmium migrates off the plate, the separator can get imbedded into the surface
of the soft plate just by means of the pressure in the cell so that the teflon could
be acting just as a barrier there so that the fibers don't get intertwined with the
deposit that is on the plate surface itself.

DUNLOP: Is it consensus, then, that the teflonation reduces cadmium
migration? Is that what Goddard says?

FORD: Yes, I would ::e to comment on Stan and yours and then leave a
lot of this to this afternoon when we talk about open discussion because this is
the very type of thing, I think we will have to really get down and address in
rather detail. To answer your question, from our experience in testing teflonated
cells in low-earth orbit, that the tests we ran we did find considerably less cad-
mium migration in the cells without teflonation and bear in mind teflonation may
mean many things to different people because you have got different ways of
doing it, all right? Also, there are different levels that are referred to.

The second thing I would like to -- the point I would like to make in regard
to Stan's interpretation that they are getting entirely different results. What we
are comparing is predominantly near-earth orbit cycling or a synchronous orbit.
Bear in mind the synchronous orbit cells at Crane with the exception of those
cells that are labeled for specific projects like ATS, were made prior to 1970
and therein I think may lie a major difference in what we are coruparing. You
are not buying the same cell tcday, not by a long shot, that you bought in 1970,
Chances are you will never buy it again, but the point is, we are comparing
apples and oranges every time we stand up here and compare results and until
we establish a common denominator which I hope we can get .nto in this dis-
cussion this afternoon, until we establish some ¢ mmon denominator, we are
going to continue to piecemeal these problems to death.

Iow, it is our experience from the tests we have conducted at Crane,
that cadmium migration is not a problem inherent in synchronous orbits. How-
ever, I will go on record as saying for a near-earth orbit ultimately it is the
failure mode we have to contend with and we have seen the symptoms and mis-
sions for years and beyond, end of life.

(Brief recess.)

HALPERT: Our next speaker is Lee Miller from Eagle Picher who will
speak on some new developments.
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MILLER: The application of a thin teflon barrier to the negative or cad-
mium electrode in the nickel-cadmium system has been of some interest to both
the battery manufacturer and the battery user. The presence of a thin layer of
teflon on the surface of the negative electrode was believed to offer the advantage
of reducing or eliminating cadmium migration which is known to occur in present
systems over time. The obvious disadvantage is the existence of the teflon
material may increase the internal resistance of the cell and reduce its useful
power.

Approximnately three years ago Eagle Picher initiated a study to evaluate
different teflonated negative electrode designs. We considered the successful
achievement of a suitable design would result in the elimination of a potential
failure mode and significantly enhance the reliability of the nickel-cadmium
system. This paper is concerned with the results of this study.

May I have my first Vugraph, please ?
(Slide 29)

MILLER: Basically, we looked at three different teflonated negative
electiode designs. The first one I will refer to as the slurry process in which
the negative electrode was just simply dipped into a slurry of teflon in a suitable
solvent and we tried rolling it on and we even tried bringing a little paint brush
and painting the material onto the electrode.

The problems that we experienced with this design was that the cell per-
formance was always subject to a high charge voltage and a high discharge
voltage. The layer appeared to be just too thick for the cell to function properly
and we couldn't really apply it by that method then enough to achieve the desired
results.

MILLER: Next we looked at the spray process. This was considerably
better and we did get some results, good results. However, it was difficult for
us to reproduce. It seems like in some occasions you get the spray on just
right and the next time it will be too thick and in addition we had indications
that the teflon applied in this manner wasn't entirely permanent. It seemed to
be some change in it when you examined the cell after a number of cycles.

MILLER: The last process, we had an idea that possibly we could just
find a film, a negative, a teflon, that could just be applied around the electrode
just like a separator material. This resulted in an investigation of a large
number of candidate materials which was really one of the problems with that
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process. However, with each investigation, we seemed to get data which in-
dicated the direction to be taken and finally, working with a vendor of this
teflon material, I think we came up with a particular material which we buy to
our specifications and the spec. calls these parameters thickness, density,
porosity, and gas permeability. We had experienced some rather satisfactory
results with this. Could I have the next Vugraph, please ?

(Slide 30)

MILLER: 1 think we have got those in the wrong order, Dale. lLet us
try the -~ all right, that is fine. This is just typical acceptance tests I think
that most people in the room are familiar with, that nickel-cadmium cells are
subjected to. You can probably compare the results here to other cells that
you are familiar with. We had two cell designs, two three ampere-hours and
two 50 ampere-hours sealed nickel-cadmium cells. This was pretty much our
standard design and used Pellon 2505 non-woven nylon separator material.
They were tested at the normal temperatures, 75 degrees fahrenheit, 32 and
100 degrees fahrenheit.

As you can see, the voltages were really out of line. At the 75 degrees,
the voltages I think are maybe just slightly higher than a nickel-cadmium cell
without the film in it. We were somewhat surprised that the film seemed to
greatly help the recombination of the oxygen generated. These cells, as you
cab see by the test parameters, have all gone way into overcharge, but are
operating at a very low pressure.

At 32 degrees about the same results were achieved. The voltage is
probably slightly higher, but it is still, I think, an acceptable voltage for that
temperature and that charge rate. Again the cells were well into overcharge

and still operating deep in a vacuum. At the high temperature we really thought

the pressure would climb at this temperature, but again the cells operated at
very satisfactory voltage and again for the most part stayed in a vacuum.

Let me have the next Vugraph, please.

(Slide 31)

MILLER: We then took the two 50 ampere-hour cells and put them on a
simulst near-earth orbit cycle and accumulated a total of approximately
3,000 cycles. The testing went on beyond the cycle that is reported there to

about 3,000 cycles. The voltage, I think, was still satisfactory and the cells
stayed in a very deep vacuum, I think the performance was very satisfactory.
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Next Vugraph, please.
(Slide 32)

MILLER: These same two cells after completing the 3,000 near-earth
cycles were then subjected to a simulated synchronous orbit cycle regime.
The temperature on the first series was 80 degrees. However, the temperature
was not adequately maintained and they climbed to a higher temperature.
Actually, probably in those latter cycles from about approximately 44 on up to
300 cycles, I am sorry, up to about 110 cycles, the temperature was around 100
degrees fahrenheit.

This test, the cells finally did climb to a positive pressure but they reached
equilibrium at 10 PSI. The cells were then placed into a temperature chamber
and the temperature closely controlled and put on an accelerated synchronous
orbit cycle which is simply a charged 12 hours and the same 1.2 hour discharge.
These simulated synchronous orbit cycles went on for a total of 300 cycles.
However, we moved our operation from one building to another and lost some
of this latter data, but still the cells went back into vacuum and operated contin-
uously in a vacuum, Jeep vacuum.

Let me have the next slide, please.
(Slide 33)

MILLER: This is just simply a data graph of one of the cycles. It
happens to be one of the higher temperature cycles. The ¢ycle number is listed
up in the legend and I think it is pretty much self explanatory. It shows the
pressure coming up and reaching equilibrium at that 100 degree fahrenheit
temperature at around 10 psi.

I believe I would like to have the slide now.

(Slide 34)

MILLER: This is actually one of the electrodes taken from one of these
cells «fter completing the 3,000 near-earth orbit cycles and approximately 300
synchronous orbit cycles. The electrode is probably about 1/3 of the way into
the stack. It is about in the center. It is on the outside edge. If you can see
here, this is the negative electrode and you can see the teflon film. As I stated,
it just simply wrapped around the electrode just like a piece of separator
material. The teflon has the physical characteristics that it bonds itself to-
gether and you can form the sealed edge all of the way around the electrode

30



e 1

- e e - e,

e S —

-—

where it is broken over. There is nothing protruding except the electrode,
electrical tab.

The separator material, in our design, is wrapped around the positive
electrodes and these two surfaces here that you see exposed were adjacent to
negative electrodes in the cell. The slide doesn't really show this, but the
separator is remarkably free of any indication of cadmium migration. We
were fortunate in that in the construction of one of these two cells the teflon
film when they inserted the electrode in the cell actually pulled the film down
leuving a moon shaped slice in this fashion here that was not protected by the
teflon film. On that piece of separator material there was the distinct moon
shaped grey shadow of cadmium migration.

I believe I will have the next Vugraph, please.
(Slide 35)

MILLER: In summary, I think that the teflon film that we have developed
really offers these advantages: it hes a simple application during cell fabrica-
tion, It is a commercially procured msaterial which may be obtained in large
quantities exhibiting uniform characteristics. The material is pure teflon.
There are no additives or process treatments used to convert to a secondary
form for application. We have developed simple but discriminating quality
control measures {o assure that we get the produrt which we have developed.

1 think this is important here, that the critical interface between the teflon film
and the negative electrode surface is a physical-type contact but no physical
bond exists. Reactions, changes, occuring at the negative electrode and other
mechanical blistering, flaking, or gassing, would not effect this interface.

The teflon film really has a strength in its own right and serves as an
additional separator material. The wmaterial exhibits like I already pointed out,
strong tendency to adhere to a cell which allows forming sort of a bag around
the electrode in the fabrication process.

The immediate future that we sce for this process is we are fabricating
additional cells which are to be put on a longterm cycle test to further evaluate
it, but the material at this point looks very good to us. Thank you.

HALPERT: Are there any questions of Lee? Yes?

THIERFELDER: Thierfelder, GE. What is the thickness of the teflon
film?

31

- -



- e

—_— e —
U ——

MILLER: It is approximately 2 mils.

PARK: Park, consultant. What about the increase in the internal resis-
tance of the cell ?

MILLER: Like I pointed out, the only indication that we could see between
this and just tl.2 standard cell without the teflon was just that very slight in-
crease in the voltage on charge.

SEIGER: How much electrolyte did you put in and what accommodations
did you make inside the cell for the extra 2 mils per separator?

MILLER: The cell, of course, has to be designed for the increase in this
thickness. You just have to take the thickness out of the electrode or the cell
has to be made that much wider. The electrolyte is just, I guess you would say,
just our standard quantity that we activate the cell and there is no provision
made to change any of our standard processing to add this film.

ROGERS: Howard Rogers, Hughes Aircraft. Is there any process used
to make the film wettable or is it already fairly wettable ?

MILLER: No, there is no process used to make it wettable.
ROGERS: Is it already wettable ?

MILLER: No.

HILL: Freeman Hill, Westinghouse. Who makes it?

MILLEK: Idon't think I would like to disclose my source on that if you
don't mind.

HILL: You said it is commercially available.

MILLER: Right.

HELLFRITZSCH: In addition to thickness you mentioned about three
other items that you buy in procuring it. Can you tell us the porosity and the
oumbers on that?

MILLER: The thickness and the density, the porosity, and the gas
permeability.
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HELLFRITZSCH: Yes, but what are the numbers ?
MILLER: Again, I would not like to disclose those numbers.

FORD: Ford, NASA Goddard. Is there any indication that with the use
of this teflon layer that you can, in fact, put inore electrolyte in the cell and
get the same acceptable, quote, "acceptable', unquote for those parameters?

MILLER: Yes, there is indication tbat the cell will operate with a greater
amount of electrolyte without the teflon film in it.

FORD: Do you have any idea how much?
MILLER: No, we don't have any quantitative information on that.

GROSS: Sid Gross, Boeing. When teflon is used in fuel cell ¢lectrodes
to maintain a three--phase interface, one of the problems is over a long period
of time, wettability changes. I would think that would be a real critical factor
in this application to determine that it is -~ whether the longterm effects would
change the wettability and whether increases in wettability would make a signifi-
cant change in performancc. Do you have any information on that subject ?

MILLER: Again, nothing quantitative. Like I said, the film, there is no
provision made to make che filin wettable. As a matter of fact, we tried teflon
films that were intentionaily made to be wettable and they did not perform
satisfactorily, so --

GROSS: That suggests that if this film for any reason were to become
wettable due to cnanges, due to the longterm operation, that there could be a
problem.

MILLER: That is possible, yes.

FORD: Ford, Goddard. Did you say you used nylon in these cells ?

MILLER: Yes, this was the nylon ellon 2505.

HALPERT: Okay. Thank you, Lee. I want to make sure that you please
identify yourself and yoir company affiliation clearly because the only way you
can hear is through those microphones up there. We don't have anybody listen-

ing for your names, so pleasc spe 7k clearly so we can {dentify you for the
records.
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Our next speaker this morning as we get away from the subject of separ-
ator materials, but along on the subject of electrolytes is Dr. Lee May of
Catholic University who is going to speak on electrolyte disti .bution and
potentials.

MAY: To make, perhaps, for a better understanding of how the cell
operates, we started to make calculations on the open circuits, voltages that
occur in the nickel-cadmium battery in potass.um hydroxide solution, also
in the presence of carbonate.

(Slide 36)

MAY: These calculations were made while I was holder of a summer
faculty fellowship this past summer here at Goddard. The calculations are
based upon the usual set up of the induction. The potentials, for example, for
the overall cell, nickel-cadmium cell, they were writing the reaction as usually
it is written, 2NiOOH + 2H_O plus cadmium going to 2NiOH taken twice, plvs
CdOH taken twice and the potential, the open circuit potential, equilibrium
potent.al, would be equal to 1.299 plus 8.619 times 10"° time the temperature,
times the natural log of the activity of the water. The constant I am using here
involves the numerical value for all of the constants involved in the equation.

Since the activity of the water is related to the vapor pressure above the
solution divided by the vapor pressure of pure water, we need values for vapor
pressure for various potassium hydroxide sclutions. This has been evaluated
by Burrow and Kahn in the form of the pressure is equal to a constant times E
to the minus a constant over the temperature. If you take the logarithm of this
last expression and put it into the Nurss (?) equation for the open circuit poten-
tial, we then have an equation which involves directly in terms of the constants
for the potassium hydroxide solutions and as a function of temperature.

These, then, lead to calculations which give us the open cell potential at
various temperatures. There was very little change in the potential at various
KOH concentrations with the temperature, but you will note the change in the
open cell potential as a function as we increase the KOH concentration.

MAY: The change perhaps can be exemplified as going from, let us say,
in the range of 20 to 40 would give us a change of roughly 10 millivolts and the
variation with temperature was extremely small.

(Slide 37)
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MAY: The next type of calculation was involved with the individual
positive and negative cell potentials. In calculating for the positive potential
one has to involve also the activity of the hydroxide ion. This can be evaluated
when one knows the activity coefficients of the KOH solutions which one can
obtain from measurements actually made by Akiloff (?) and Bender from EMF
measures, and then one could evaluate the activity of the hydroxide ion and from
that calculate the potential for the negative half cell and the positive half cell.

I would like to point out that these are written as reduction potentials and there
is some confusion in the literature. Some people write the half cells as oxidation
potentials. Some times they write it as reduction potentials. Some times they
are kind of mixed up. I think it would be easier if everyone wrote the potentials
in this form.

(Slide 38)

MAY: This plot shows the potential of the negative and the positive as a
function of the KOH concentration. Again, the change with temperature is rather
minimal and you can note the change that we have at each of the half cells.

There have been similar calculations by Falk which confirm, as well as experi-
mental measurements which confirm these calculations here. Halpert has made
some calculations of the change in the KOH solution as a function of the percent
of depth of discharge. You will note that as we go from full charge to 100 percent
depth of discharge there is a change in the KOH concentration from 22.9 to 29.8.
This is for a six amp. AH cell. The change in the open cell potential goes from
1.291 to 1.285, a change of roughly six millivolts.

(Slide 39)

MAY: The next part of the calculation involves the use of carbonate
solution. The effect of the carbonate in the cadmium and nickel-cadmium cell
would be solely to change in this, using this kind of calculation, solely to change
the activity of the water so that we use the same equations as before but it was
necessary to determine the activity of the water. If we know the vapor pressure
above solutions of potassium hydroxide in the presence of carbonate, we can
then determine e activity of the water. Walker Las made a series of measure-
ments of the vapor pressure at various concentrations of carbonate and also at
various concentrations of hydroxide and at various temperatures so from this
data we can calculate the activity of the water or directly in terms of this
equation.

(Slide 40)

35

-




S—
s

P

MAY: The results of these calculations for the open cell potential for
the whole cell is given here. You will note that as the potassium carbonate
increases there is a diminution in the open cell potential. The change from
low KOH concentration to high KOH concentration increasing carbonate becomes
much larger at the higher potassium carbonate concentrations.

(Slide 41)

MAY: Again, the change over various temperature ranges is very slight.
In the case of the calculation of the open circuit potential for the positive and
for the negative, again, these involve also the activities of the OH ion in which
we have to know in order to calculat: the activities of the hydroxide ions, we
must know the mean activity coefficient. The mean activity ccefficient of the
hydroxide ion is influenced by the presence of the carbonate. Kamio Mashia (?)
published a paper in which they measured the vapor pressures over mixtures
of carbonate and hydroxide and they also measured the mean activity coefficient
of a variety of mixtures and over a variety of temperatures. Unfortunately, not
quite in a range that we needed it, so we had to find the means in which to find
the mean activity coefficient in the particular solutions we were dealing with
and this can be found by the Harnitz (?) rule which related the log of the mean
activity coefficient equals the log of the mean activity coefficient in the hydrox-
ide solution when there is no carbonate present, minus a constant alpha times
the molality of the potassium carbonate.

This constant alpha is a function of the temperature as well as the molality
and this has to be obtained by graphical integration and from this we could cal-
culate, then, the potentials of each of the half cells which are given here. On
the top we have the potentials. As we change the carbonate of the negative
electrode, this is with low potassium carbonate present and going up in the top
we have an increase in the potassium carbonate. You will note that as we go up
the potential becomes less negative, so the addition of the carbonate decreases
the negative potential of the negative electrode. Note that from zero to roughly
four percent we have a very large decrease in the potential at the higher KOH
concentrations. Not as large at the lower KOH concentrations.

It is interesting to note at the lower KOH concentrations, as we increase
the carbonate concentration there is a large increase increment in the potential,
whereas at the higher KOH concentration the addition of a small amount of the
carbonate has less of an effect on the potential.

On the positive side you will note that the effect of the carbonate, of »
small amount of carbonate, is to lower the potential and as you increase the
carbonate the potential increases even going higher than the potential where
there is no carbonate present.
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(Slide 42)

MAY: We did a calculation which involved what might happen to the open
cell of one circuit potential as a function of time. Last year at this conference
Van Omeron (?) presented the figures that there is an increase of 1.16 grams
of carbonate per year. Using this calculation and taking the percent of the KOH
in a cell at 29.07, let us say, let us start as our baseline, zero time, no potas-
sium carbonate, the potential is 1.280. If we assume that we have roughly eight
percent of carbonate in the average cell, then the potential drops to 1.278. With
the increase of 1.16 grams per year there will be an increase in the carbonate
and assuming that the carbonate only comes from the plates we would have a
change in the percent KOH and we will have this increase in the percent of
carbonate and a change in the open circuit cell potertial where there is a de-
crease of roughly .002 volts per year.

(Slide 43)

MAY: The presence of carbonate in the cell gives rise to, or sets up a
number of other half cells. For example, we would have the nickel carbonate
half cell and the cadmium carbonate half cell, the nickel carbonate half cell of
course is the positive and its potential would be a function of the activity of the
carbonate.

Likewise, the cadmium carbonate, cadmium coupled at the negative elec-
trode would be a function of activity of the carbonate. Unfortunately, there is
no data available to allow us to evaluate the activities of the carbonate half
cells. In addition to those cells being set up, we would have a nickel hydroxide,

. a cadmium carbonate cell set up in which the potential would be a function of

the activity of the hydroxide, activity of the water, and the activity of the car-
bonate, so there is no way to calculate at this present time how this potential
would vary with the carbonate concentration.

The final electrode system that would be set up is a nickel carbonate

cadmium hydroxide -- I am sorry. It is not the final, but this would be again
a function of the activity of the carbonate and the activity of the hydroxide.
The final one would be a nickel carbonate cadmium carbonate where the poten-
tial is not a function of the concentration. It would be a constant of 0.29. Now,
we can consider a nickel-cadmium cell with the carbonate present as a series
of cells in parallel.

MAY: The top one, of course, would be the nickel-cadmium hydroxide.

The second one would be nickel hydroxide cadmium carbonate, The third would
be nickel carbonate cadmium hydroxide and the final would be nickel carbonate
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cadmium carbonate. I have listed them in order of their equilibrium cell
potentials and you might consider that since they have the electrolyte in com-
mon that the electrolytic resistance will be in common,

One analysis of this might include that first the nickel hydroxide cadmium
hydroxide cell would discharge. The second cell would take over and so on
down the line. A highly speculative passage of the voltage with time would then
be given by this lower curve where the plateau is of each of these potentials.
Recognizing, of course, that these are the potentials where the activities of all
of the components are equal to one. There is some evidence where a study has
been made of a cell which was allowed to sit on the shelf. It started at 1.44 and
after a period of time it went down, the voltage went down to 1.23 volts.

Another analysis might involve the concept of mixed potentials where we
would consider first the nickel hydroxide cadmium hydroxide and then the de-
velopment of a mixea potential with the nickel hydroxide cadmium carbonate.
These are rather difficult to try to calculate because you have to know the over
voltages that are involved and other factors such as the current which might be
involved in the formation of these electrodes. Thank you.

HALPERT: Are there any questions for Lee?

LIM: Is there any effect on the theoretical analysis of the solubility of
cadmium hydroxide ? For example, I understand that the activity of the cad-
mium hydroxide is taken as a unity and is that going to be effected by the solu-
bility, at different temperatures and different concentrations of carbonate ?

MAY: Well, this is a problem because we are not -- the particular
species of the cadmiate depends on the KOH concentration. In other words,
you could have KOH four times, KOH three times and some of the literatures
indicates that we have present these species, so this is a very difficult kind of
calculation to make because we would have to know the equilibrium constanis
between the various cadmiates to know which one was present at a particular
hydroxide concentration. We can define the cadmium hydroxide solid as activity
if we would want, but we would still have to make mention of this in solutions
of this nature, so this is even further away than the carbonate and then, of course,
in the carbonate you have the cadmium carbonate which would also be a soluble
species with its own activity.

HALPERT: Any other questions or comments? Okay, our next speaker
is Stan Krause of Hughes who is going to speak on new reference electrode
technology and technique.
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KRAUSE: I am going to open my presentation by making some excuses.
I wasn't supposed to be giving this presentation. Dr. Schoenfeld (?) of our or-
ganization, unfortunately, couldn't make it. He handed me his Vugraphs at the
airport before the plane left and asked me if I would give it. I debated. I de~
cided I wasn't going to and then Bill Edgar (?) talked me into it.

Just last year, of course, Dr. Schoenfeld made a presentation related to
the work we do on cell analysis. We have some fairly extensive procedures
which are developed. Very recently we have developed an apparatus for ref-
erence electrode that can be inserted into cells without disturbing them before
we tear them down to try to find out how the individual electrodes are behaving
and our primary objective is to try io relate to techniques to measure precharge
because there has apparently been controversy in many instances over what the
specific precharge measurements of a cell mean. Some people use the overall
cell voltage when it goes through zero voltage and reversal. They then measure
the negative capacity until it reaches, say, negative one volt, or negative 1-1/2
volts. They say that is the precharge. Other people are using gas measure-
ments. When they observe the presence of oxygen they know the positive is
essentially depleted of capacity and then they look for hydrogen when the nega-
tive runs out of capacity.

In this instance we think that the use of the reference electrode allows the
measurements to be made in an undisturbed cell without tearing it down.

(Slide 44)

KRAUSE: We have added a pressure gauge and we also use a gas chrom-
atograph on the apparatus to measure the gases as they come off. We can also
Play some games with it and modify the amount of precharge or the overcharge
protection and study the effects on the performance of the electrodes.

(Slide 45)

KRAUSE: This is kind of a schematic of what the set up looks like., We
are using an apparatus in which we can mill off the weld of a fill tube on a cell
which has been pinched off, open the fill tube where it has been swaged, and
insert this apparatus. We can do that under nitrogen and keep -- and then re-
seal the cell with the reference electrode assembly. It is a mercury mercuric
oxide reference. We have separator material at the tip that is inserted until it
is in contact with the separator right above the plates. We use a platinum wire
buried in an essentially 50-50 mixture of mercury mercuric oxide and as you
can see, it is connected to a gas chromatograph port. It also goes to a vacuum
pump which is actually attached to water displacement apparatus for measuring
the volume
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(Slide 46).

KRAUSE: I will show you some of the results that we have gotten re-
cently. As I say, we have really just gotten started with it. I am not going to
show you anything spectacular. I don'tpretend to understand some of the results
we are seeing so far.

We took a cell that had run through about 4,000 cycles and the four hour
type of orbit. This particular one actually had a polypropylene separator. It
doesn't make any difference apparently, and we discharged it down. The in-
teresting thing about it is we got relatively clean results on both the positive
and negative voltages from the reference. The other interesting thing is that
at this point where it was obvious that we were in a negative limiting condition,
we were getting quite a bit of hydrogen out of the cell, apparently off th~ positive
electrode which I really wouldn't expect at that point, so we don't know what it
means but we see in the reference it does work and we are going to continue
trying to relate some of the strange bursts of gas that we are getting at different
point in the discharge to these voltages and maybe next year we will have some-
thing more interesting to show you.

(Slide 47)

KRAUSE: 1 have another piece of data that we have collected on another
cell in which we overcharged the cell, imbedded it to bring the negative up to
full capacity, and as you can see, the cell was, of course, positive limiting, but
the dottd line on the negative was kind of interesting. The voltage on tie nega-
tive, the polarization changed kind of drastically right at the point just afier the
positive went into reversal and we are not really sure why, but the little dotted
lines that you see are where we are doing current interruption and we are look-
ing at the components by using current interrupter circuits. We are trying to
measure the components of IR loss, activation, polarization, and concentration
polarization and as you can see, with the interrupted current on the negative at
that point, even though the polarization shifted drastically, with the current
interruption the polarization on open circuit would look relatively normal.

That is really all I have to report. As I say, we have just gotten started
but we think that reference electrodes might play a little more useful part in --
when people are doing cell analysis and trying to measure precharge and under-
stand what it means as well as to determine the specific performance of some
of the components in the cell as a result of aging and cycling.

That is about it.
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HALPERT: Any questions for Stan?

SULLIVAN: Sullivan, APL. 1 am not sure I understood one thing you
said. Were you saying that you saw an evolution of hydrogen at about 1/10 of
a volt negative, that sort of a thing? Is that what you experienced?

KRAUSE: Yes. We were seeing hydrogen.
SULLIVAN: On conventional cells?

KRAUSE: Yes, one that had been cycled, however, for some period of
time.

HALPERT: Dr. Scott?

SCOTT: Scott, TRW. How long after interrupting the current were those
interrupted current voltages measured ?

KRAUSE: The voltages are measured immediately. We have measured
response time in microseconds. The current interruption periods were about
15 seconds duration, the total interruption was a 15 second duration, but we
measured those voltages at the end of 15 seconds. However, we are measuring
the components down at microsecond response time to look at the IR loss which
of course was fast.

SCOTT: Doesn't the voltage immediately after opening the circuit change
rather rapidly for the first fraction of a second or several seconds ?

KRAUSE: It changes rapidly in microseconds, primarily the IR loss,
simply IR loss response immediately and then you see a change in the slope due
to primarily concentration.

SCOTT: What I am getting at is what portion of the difference of the two
voltages is IR and what part is not?

KRAUSE: I can't tell you. I don't have the details. I am sorry.

HALPERT: Bill?

WEBSTER: Bill Webster, Goddard. Stan, if we wanted to contact your
laboratories, is it possible to get some more detailed information on the actual

technique or is there internal documentation of this that you would disseminate
to other laboratories if you wanted to follow this experimental approach?
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KRAUSE: We put the thing together on company money. There may be
some problem in divulging the specifics of the apparatus but it is really very
simple. It is pretty much standard reference electrode technique. There is
nothing very exotic in it.

WEBSTER: I was referring to the mechanical technijue, Bill, the
electrochemical.

KRAUSE: Well, let us talk about it.
HALPERT: There is a question over there on the far side.

SPEAKER: Is it possible your dips in you reference readings are caused
by gas reactions on your platinum wire? You might be better off using a silver
wire,

KRAUSE: Yes, we thought about that. We thought about other little dips
caused by changes in the KOH content of the separator during the course of this.
We have some more work to do. However, we ran a bunch of control tests on
the electrode to find out which of those kinds of things were artifacts. When we
first started we did get quite a few artifacts that were artifically induced due to
changes in the KOH concentration right where the reference is in contact with the
separator.

However, we think this is real and you may be right. We will continue to
look at it and try to reduce all those strange things so that at least whatever is
strange, we will know that it is real.

SPEAKER: If it helps, is the ideal any better than seeing these cells too
(?) and now the people who use salt electrolytes are seeing that.

KRAUSE: Very good.
HALPERT: Floyd?

FORD: Ford, Goddard. You showed the little dip in the negative and I
think you implied you weren't sure what that was attributed to?

KRAUSE: Well, I can guess. One of the things is, of course, that the

positive runs out of capacity and goes into reversal. The current density on
that negative might shift pretty drastically and that is a possibility.
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FORD: Has there been, by any chance, a correlation with that dip with
when you vented the cell to relieve the pressure ?

KRAUSE: No, no., We did that before this discharge started.
FORD: So it was vented during the whole discharge profile ?

KRAUSE: No, no. “Ve resealed it at the start of the discharge. The
cell was sealed, and we were measuring gas volume.

FORD: Okay.
KRAUSE: 8o we are not sure really what it is.

FORD: Yes, but when you reversed this you started getting gas but you
bad to relieve that pressure, right, to keep it from building up ?

KRAUSE: No, we let the pressure go up to a limit, obviously. At that
time we were using a pressure limit of like 80 psi and at that time we will
begin venting to measure the gas volume. But we didn't vent at that point.

HALPERT: Okay, thank you. On the cubject of analysis, there were a
couple of questions from Dr. Cheh of Columbia for Pat McDermott.

CHEH: I have two questions about your presentation. On one of the
Vugraphs you showed that you processed the nickel electrode potential and the
cadmium electrode potential as a function of KOH concentration and also potas-
sium carbonate concentration. If you take at a given level of KOH concentration
then you see a maximum of electrode potential from zero to four percent on
K9COg3. Then it comes back down, essentially, towards 40 percent and then the
other interesting feature is that -- or the same thing apparently is observed for
the cadmium electrode and I am just wondering what causes this? Instead of
the mathematical formulation what is the physical basis ? Why should this thing
go through a maximum and come back down ? Is there any reasonable explanation?

It has something to do with the activity of that.
KRAUSE: The activity, right.
CHEH: Right. But why should it go from zero percent to a high value

and then as the potassium carbonate concentration decreases it started coming
back down?
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KRAUSE: At the moment I can't answer your question,

CHEH: Okay. I think that the second question I have is that I feel that
when you have coupled potentials and things like that that you correctly pointed
out the mixed potential is in this and I didn't quite understand that when you put
four cells in series and electrolyte resistance what actually happens and what
makes that -0 it is sort of an equivalent circuit. I don't quite understand that
figure.

MCDERMOTT: In my circuit I had them in parallel.
CHEH: Right,

MAY: This I did after consulting with electrical engineers.
CHEH: I am not an electrical engineer.

MAY: Well, I consulted first with electrical engineers and read my old
electrical engineering text of 50 years <. and in fact they do consider systems
like this as batteries in parallel.

CHEH: 1 see. It has to be a mixed potential ?

MAY: Oh, yes, there is no question about that, that that would be perhaps
a better approach to most of them,

CHEH: Okay, thank you.

HABPERT: Are there any other questions in regard to separators or
some of the analysis work that was done here this morning? All right, then I
think we will just move on into our second subject. Floyd Ford is chairing the
second program.

FORD: Cell manufacturing,

FORD: We are getting a jump on the afternoon session and I am kind of
thankful for that because I think it is going to give us more time to get into some
of these very deep discussions, questions, debates, and deliberations this after-
noon. I guess the session, when I thought of this session on cell manufacturing
one of my favorite commercials on tv came to mind, and that is this girl that
advertises cigarettes saying, '"You have come a long way, baby," and I think that
is where we are today with cell manufacturing. We have come a loag way. We
have just begun to scratch the surface, and I think, and I am very optimistic
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that the next five years are going to be “ouble rewarding what the past five
years have been, particularly, and further increase in uniformity of products,
reproducability.

There is no greater frustration than to have a flight program get into a
bind s. ‘aply because the last lot of cells had different characteristics than the
lot we initially flew on the first spacecraft, but as I said, the commercial ex-
plains my feelings altogether. We have come a long way but we are still on the
uphill pull, sc we are going to talk about cell manufacturing. I think we have
about five different discussions along those lines,

The first one is appropriately led off this session by Dr. Harvey Seiger
with Yardney Electric and his topic -- oh, you withdrew?

SEIGER: Yes.

FORD: Oh, beg your pardon. Well, now we only have four left. Okay.
Moving on, then, we have a topic called "Teflonated Negatives' and that is Stan
Krause of Hughes Aircraft.

For the benefit of those I am going to be calling on and I don't want to
surprise anyone else, the one to follow will be "ni-cad results, the Results of
Battery Tests on Ni-cads' by Dr. Scott of TRW. Following that will be '"Nicke!l-
cadmium Manufacturing Problems in QC" by Sid Gross of Boeing and then the
last one will be a paper on "Effects of Pulse Charging". Stan?

KRAUSE: I want to talk about some of the results we have been getting
with teflonated negatives on an inteinally funded IRD program whose objective
really started out to test cells at very high depth of discharge for synchronous
application and along the way we started to look at teflon as well. We have not
flown any cells at Hughes with teflonated negatives but we are obviously interested.

(Slide 48).

We have got a test which is on-going at the moment which we run 46 day
eclipse seasons on a real time basis similar to synchronous orbit load profile.
At about 20 degrees centigrade the maximum depth of dischargc which occurs
in the middle of the eclipse season is about 100 percent based on a rated capacity
of the cell. We are running six amp.-hour cells in this test.

We run a one week reconditioning between the eclipse seasons so it i8 sort

of a quasi-synchronous test. There are no storage periods and that is obviously
going to effect the results of the test to some extent.
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Theoretically, we have heard this morning, that teflonation can produce
a better balanced electrolyte distribution which in turn either is the cause of
or in some way effects retardation of cadmium migration and potentially we
think that with beiter separator wetting tnere might be some reduction of voltage
fading .over the long term although this necessarily has not been demonstrated.

KRAUSE: The results that I will show you just very briefly summarize
it. I didn't want to take too much time. They are on the comparison of teflonated
cells versus non-teflonated cells with Pellon 2505 separator after four eclipse
seasons. We are up to 10 eclipse seasons now and we are getting ready to do
some more cell analysis.

(Slide 49)

KRAUSE: Very briefly, we think the results were significant, even in the
four eclipse seasons. The cells with teflonated electrodes had 50 percent less
electrolyte within the negatives than the same cells without teflonation. It is
obvious that the negative was running much drier and that teflon was acting as
a membrane or water barrier, which one would expect.

Additionally, we analyzed the separators for electrolyte content separately
and found that there was between two to three times more electrolyte in the
nylon separator running in cells with teflonated electrodes than those without,
and as [ am sure we will get into in the discussions later this afternoon, I think
this is significant to the longevity of the cell in terms of keeping that separator
wet.

KRATSE: The third item that we think resulted form the test was that
we found that the cadmium migration was virtually negligible, at least at this
stage. It will be interesting to s2e how it is done after 10 of these simulated
eclipse seasons,

The other thing that was kind of interesting that I am not sure I really
believe was that the discharge voltage at the end of discharge in the maximum
eclipse was slightly higher on cells with teflonated electrodes, than those with-
out. I would have expected that the teflonation might result in a slightly lower
voltage, but in this case it was slightly higher although not substantially, as you
can see, about 10 to 15 millivolts. That is all I have.

FORD: Yes?
SCOTT: Scott, TRW. Your first slide or one of the first, said that there
was some kind of reconditioning or conditioning between eclipse seasons. What

did that consist of ?

46

- ———————



-— N

KRAUSE: Yes, right. That consists of a C/2 discharge down to about
1.15 volts. We purposely reconditioned these siinilar to the way it is typically
done in orbit as opposed to the way some people dc lab tests. The, stick in-
dividual resistors on cells. Sometimes it effects the results. We recondition
them in series like a battery. There are 76 cells running. We recondition
them 24 at a time. We run it down to an average voltage of about 1.15 volts per
cell at C/2 and then we recharge it for 24 hours at C/10. We run two of those
cycles and that is it.

FORD: Harvey?

SEIGER: Seiger, Yardney. Did you have the same amount of electrolyte
in these cells that had teflon that is usually put in?

KRAUSE: To my knowledge, yes.
SEIGER: Thank you. 1 have one other question. Since you put the same
amount of electrolyt: in, you are finding less in the negatives, mcre in the

separator, or perhaps unchanged in the separator. Do you also find more in
the positive ? Or the same?

KRAUSE: Yes, we did analyze the electrolyte in the positives and I am

trying to remember specifically the numbers. I believe there was a little more
hydrate in the positives since the separator was wetter than one might exnect,

SEIGER: Thickening oi the positive measured?

KRAUSE: Not enough to make a difference between the two. Not enough
to be really discernable.

FORD: Gerry?

HALPERT: Halpert, Goddard. What about tlie beginning? Did you ana-
lyze those sample cells' negative plates and separator and was there a difference

right in the beginning before you even started cycling ?

KRAUSE: No, we did look at them in the beginning and therc¢ was really
r.o difference.

HALPERT: No difference in the amount of electrolyte in them?
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KRAUSE: No, not at that point. Of course, that would all depend on how
you cycled them or whether they were sitting on the shelf two months before we
looked at them and allowed the electrolyte to come to equilibrium. It is possible
that that -- because the cells had been sitting around for a while before we did
the analysis.

FGRD: Dave Baer?

BAER: Baer, Goddard. How was your cold temperature capacity
performance?

KRAUSE: 1 believe it looked essentially the same. These were six amp.-
hour rated cells. They all put out about 7-1/2 amp.-hours. We ran standard ac-
ceptance tests as we would with flight cells, both the 25 C. and zero C. and they
looked like they were both over 7-1/2 L:urs, both at zero and at 25.

MILLER: Miller, Eagle Picher. What sort of electrode design was this,
Stan?

KRAUSE: The electrode desigr was proprietary and General Flectric.

MCDERMOTT: McDermott, Coppin State College. Did you do any porosit-

measurements before or after or do you think this is important? How would you
try to explain why this electrolyte goes down after cycling?

KRAUSE: What do you mean how it goes down?

MCDERMOTT: Well, you say you end up with less electrolyte in the
teflonated electrodes. What would suspect is the reason for this and do you have
any measurements which would -- like porosity, which would tell you about the
void space and so forth?

KRAUSE: No, we didu't do that. However, the beginning of life analysis
shows a relatively low contents of electrolyte in both types of electrodes and we
run other cells thousands of cycles and we have periodically gone in and torn a
cell down and looked at the negatives and there is an increasing electrolyte
content in the negative plate with time and with cycling and it goes up from a
low level to a higher level as you are cycling. In this instance it just seems,
then, that the teflon retarding that process of the continual pick up of water in
the plate.
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SEIGER: IfI understand that correctly you are saying that you have a
cell similar to this without the teflon and you have a certain amount of water
in that negative electrode and if you now cycle that the amount of electrolyte
in that cell increases, but if you start with teflon you have about the same
amount of electrolyte in the negative electrode but as you cycle the amount
remains unchanged ?

KRAUSE: That is what it appears like.
SEIGER: Thank you.

FORD: Any more questions? Thank you, Stan. Next we have a talk by
Dr. Willard Scott from TRW systems on the subject of better test results and
discussing the performance of plates in different spirals. Dr. Scott?

SCOTT: Would someone like to ~- the numbers are not correct. The
order is. Before you put the first one on, a few introductory remarks. What
I am going to talk about is a particular case that we are following where we
are trying to correlate the electrical performance of cells during life testing,
in this case, synchronous orbit testing, with the physical and chemical charac-
teristics of the materials that went into the cells in the first place by consider-
ation of manufacturing data and data that we are obtaining from sample mate-
rials gathered during the manufacturing phase of the cells.

This work is still in progress and it will be much more complete maybe
next year than it is at this time, but I would like to show you the interim results
that we have today.

SCOTT: The results were obtained from an Air Force sponsored ad-
vanced development program aimed at developing a 1 kw. battery for use pri-
marily in synchronous orbit and the program involves manufacturing and testing
1 kw. batteries with -- some with nylon separators and some with polypropylene
separators. The results I want to show you now relate to a battery made with
good old Pellon 2505 nylon scparator material.

SCOTT: I will have some other data to show you tomorrow comparing
the results of batteries made with nylon and polypropylene under essentially
identical test conditions. Right now 1 want to show you a ~-- some curves ob-
tained during the longest discharges of -~ during synchronous orbit testing of
this one battery with nylon separators. By the way, these cells are 50 ampere-
hour cells made by General Electric.

If I could have the first one on there, please?
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(Slide 50)

SCOTT: This Vugraph shows complete discharge curves for two cells
in the battery during the first eclipse season of a life test. The uppermost
curve of the two curves at the top is for the highest voltage cell, highest voltage
at the end of discharge. The curve just below it is for the lowest voltage cell
in that battery during the first eclipse season of the life test. Now, is there a
pointer around ?

FORD: You can point on the Vugraph,

SCOTT: These cells all have built in reference electrodes so we are
obtaining continuous and exhaustive data on individual electrode potentials while
we are conducting these life tests and as Stan pointed out, this is getting us
some very interesting data, but the reference electrcie potentials with respect
to -- this is the negative electrode compared to the reference electrode with
the sign changed so that the potential here is positive so we can plot it on the
same graph compared directly with the cell voltage curves up here. You can
see the reference electrode potentials of those two same cells are relatively
flat and don't show too much going on. The two lower curves, this is the ourrent.
These batteries are discharging under a constant power load so that as the bat-
tery voltage declines, the current tends to increase during the discharge. The
lower two curves are the cell pressures recorded here for reference for these
same two cells.

(Slide 51)

SCOTT: The next Vugraph shows these same situations for the highest
and lowest cells on the fourth eclipse season. By the way, this test is being
run in a compressed time accelerated program where each cycle is 12 hours
long instead of 24 and there are only six days allowed during each eclipse season
during which the battery is on continuous trickle charge.

These tests also are conducted at a fairly low temperature averaging
around 35 degrees fahrenheit.

First of all, you may note that the two highest and lowest cclls are not
the same ones that we started with. The highest voltage cell, plotted here, the
lowest voltage cell, as you can see, is rolling off and ends up here in a relatively
lower voltage. The lower curves, the next lower curves again, are the negative
to reference potentials from these same two cells and note here that the cell
voltage reflects pretty faithfully the potential of the negative electrode in these
cells, and I would characterize this situation by negative limiting.
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Again, the current, you see how the current tends to increase more
rapidly as the battery voltage decreases more rapidly because of these low
voltage cells. I should say, when I say "low voltage cells" I am letting the cat
out of the bag a little bit here. This one cell shown here was only the lowest
voltage cell and in reviewing the data from this battery it turned out that there
were a total of seven cells that were much lower at the end of discharge after
several eclipse seasons than the average of all of the rest of the cells of the
batteries, and in further reviewing the data it turned out that those seven cells
were all from the same cell lot and that the voltage of all of the rest of the cells
which were from three other cell lots they used to make that battery were all
considerably higher, so we did an analysis by lots.

At this point I should say that in this program we did something a little
different in terms of lot control of plates and cells, We isolated the plate
material made from each spiral during the manufacturing process and assigned
a separate lot number to the material from that spiral and kept those lots isolated
all of the way through and so the cell lots in this program each one reflects only
a single spiral. There was no mixing of plates between spirals, but there was
intermixing of plates within a single lot when the cells were made, so that the
properties that we are going to see here relative to lots can be traced back to
an individual spiral in the manufacturing process.

(Slide 52)

SCOTT: The next Vugraph shows the results of analysis of the electrical
performance by lots for this same battery. You see here four lots, 7B, 8B, 10
and 11. For eclipse season one, eclipse season five, and eclipse season No. 8,
which is about the last one for which the data was available when this data was
compiled. I guess in order to look at this rapidly right now, look at the mean
end of discharge voltages on the first eclipse season for which that qual. was
shown and the spread is not really too bad and as a matter of fact -- first, I
will tell you that lot 11 is the lot from which those low voltage cells were ob-
tained and you can see that it is a little bit below lot 8B but not so much to bring
any attention to that at that time.

Coming over here to eclipse season five, you note here that now the aver-
age for lot 11 is 100 millivolts less than the average for lot 7B, for example,
and almost ~-- these three lots here are reasonably close together and lot 11 is
way down.

Now, after eclipse season five the battery was reconditioned by allowing

the voltage, allowing the battery to discharge on a resistor all of the way down
to a very low voltage. I will talk about the results of that more tomorrow, but
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then after that the test was continued and you can see over here now that after
that particular treatment the performance of lot 11 is quite comparable at least
to that of 19t 10 and not too far different irom the other lots in the battery.

So the big difference before reconditioning was of some concern and 8o
that we went and proceeded then to analyze the data obtained during manufacturing
to a certain extent by these same lot numbers and the next Vugraph will show the
results of that.

(Slide 53)

SCOTT: The first column here shows the results calculated by the manu-
facturer for what should be obtained for the flooded capacity during formation
for each of these lots and you can see that at least the positive capacities were
very close together and actually the net calculated negative flooded capacities
for each of these spirals involved in these four lots were very close together.
This column shows the net electrolyte weight, an average of the net electrolyte
weight for each of these lots and the variation around that average was not par-
ticularly large. It is interesting to see this one is -- this average is way above
that of the other ones, but again, lot 11 is not the lowest in terms of electrolyte.

Steady state pressure after adjustment during manufacturing, here again
we begin to see something showing up, namely a relatively much higher steady
state pressure of lot 11 compared with the other three. Number of electrolyte
adjustments required before we got a steady state pressure, one for lot 7B and
8B, two for lot 10 and two for some cells in 11, but three adjustments required
for other cells in lot 11.

Capacity as measured at the supplier, once again, not particularly alarming
spread between the maximum and minimum, These again are averages for each
lot. Then similar capacity except to a slightly higher end voltage at TRW. It is
interesting that even though our end voltage is higher, we got higher capacities,

I believe this is because we maintained a somewhat more rigid temperature
control of the cells than was done at the supplier and at a somewhat lower tem-
perature which gave a more efficient charging.

Then after a 30 cycle burn in test which is part of the acceptance test
procedure used for these cells at TRW, again, to 1.1 volts, and here again, well
here lot 11 did show up the lowest, but the differentials before and after 30 cycle
tests were not anything alarming. That is, this differential on lot 11 was actually
less than the differential on lot 8B,
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Now, from our previous experience we had no particular reason to suspect
or reject lot 11 cells based on the data shown here, although by hindsight you
can do a lot. In advance of that this data we did not consider to be out of line
considering our previous experience with this type of cell. So the higher pres-
sure and the fact that more electrolyte adjustment had to be made in these cells
to obtain a satisfactory pressure performance, is suggestive of something in-
teresting going on. We are not sure exactly what. We have obtained during the
manufacturing of these cells a large amount of sample material, including
samples of the center during the manufacturing process at 50 foot intervals, a
sample of all of the powders and solutions and various other intermediates used
during plate manufacturing. We have all this stored at TRW and we are going
to be able to take a brief look at some of the other parameters that we haven't
looked at such as the porosity of the center and other similar properties. How-
ever, right now, our capability of doing this is quite limited, but we will have —~
we will be taking a deeper look into the details of the manufacturing materials
over this next year's timz and hopefully we hope to find a more fundamental
correlation back in the properties of these materials with the electrical per-
formance that we saw here.

1 should say that this material, these four lots, as well as all of the lots
of plate material that are being tested on this 1 kw. battery development pro-
gram were all made within a period of two weeks at General Electric and so
we consider that if any plate material is going to be uniform from lot to lot that
the material we are working with here is as uniform as the state of the art of
present procurement permits. I shouldn't say 'present”. This material, I
should say, was made in 1971 and it was stored under sealed conditions until it
was put into cells approximately a year later, so that it is getting along in age,
but still we feel it is high quality plate material as far as that period of time
was concerned, so we would like to do a lot more with this sample material
than we have in the past and I hope we will be able to have the opportunity to do
that before next year.

That is all I have to say.
FORD: Way in the back?

HELLER: Heller, Hughes Aircraft. You had your capacity after burn in.
Did you by any chance have discharge voltage performance for that cycle ?

SCOTT: For which cycles?

HELLER: The 30th cycle.
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SCOTT: 30th cycle of the 30 cycle test itself?
HELLER: Yes.
SCOTT: Yes, we do have all of that data. I have not looked at that.

HELLER: I suggest if you do you would never have used those lot 11
cells.

SCOTT: That may be right, but again, that was not our criteria at the
time. I guess our thinking was that we will give the cells the benefit of con-
ditioning following that cycling and that probably was the basis of accepting
those cells.

HELLER: My point is [ think that is a very significant parameter for
cell selection in battery manufacture.

SCOTT: Good point.
DEBAYLO: Paul DeBaylo, Global Comm. Dr. Scott, can you define the
temperature and charge rate that was utilized during your steady state

overcharge ?

SCOTT: Those were done at the supplier. They are done at room am-
bient using a C/10 charge rate, usually for periods of 48 to 72 hours.

Jim?

DUNLOP: Just from your -- I think you inferred from your data that
the problem you had was a negative one itself, is that correct?

SCOTT: It turns out that all of the cells in the batteries are negative
limited. { will talk about that more tomorrow, but this is just one of them.

DUNLOP: All these cells in all these lots are negative limited ?
SCOTT: The life tests to date involving cells from all of the lots that
we ended up putting into batteries are ‘1l negative limited at this point in time,

including said batteries made with ny un and those with polypropylene.

DUNLOP: Have you ever stopped that test and taken any of those elec-
trodes out and see if you can discharge them in the flooded condition?
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SCOTT: We are right now in the process of a tear down analysis. We
have not actually done flooded discharge measurements but I suspect that if we
do the capacity will be right back up.

DUNLOP: Well, I am not talking about that. I am talking about whether
or not yeu can continue with this, whether it is really negative limited or limited
by your electrolyte.

SCOTT: Well, okay. When I say negative limited I mean just empirically
by looking at the voltage. 1 am not ready to say what the ultimate cause was,
okay ?

FORD: Okay. Thank you, Willard. Oh, Gerry, do you have a question?

HALPERT: Yes. I was going to ask, since you have spiral data, Will,
do you happen to have along with that, loading data for the different spirals?

SCOTT: Yes. The first column in one of those tables is calculated from
the loading by using a factor which in experience of the manufacturer relates the
loading to the expected flooded capacity of the cell so those numbers indicate
the loading. However, those, the measurements made on each spiral to deter-
mine loading are only as a result of a grab sample at one end of the spiral and
I have no idea exactly how good a measurement that is. Guy?

RAMPEL: Guy Rampel, General Electric. It seems to me, Will, that
possibly the explanation lies in the depth of discharge based on the initial capac-
ity. The DOD is higher on that spiral than it is on the others.

SCOTT: Based on the positive capacity data?

RAMPEL: Yes, yes.

SCOTT: Only a few percent maybe, though. The calculated flooded
capacity number is -- oh, you mean based on the measured capacity of the cell
after completion, not on the capacity of the spirals as determined from loading?

RAMPEL: Right.

SCOTT: Well, okay, but of course, when we build a battery we can't
usually compensate for the variations between cells and even between lots I
guess. The only choice we would have would be to reject maybe the whole lot

or reject all of the cells but the point I would like to make is that we have
another battery made in a very similar manner with the same kind of cells or
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we have the same capacity spread at the beginning of life where no such split
based on cell lots occurred in the performance so I don't know what criteria
to use.

RAMPEL: The other possibility is since the cells are more negatively
limited in that lot, the possibility is that the negatives from one spiral to
another spiral started off with less residual charged cadmium possibly. 1
don't know. You could look at that.

SCOTT: You mean less precharge?

RAMPEL: Yes, on the negative plates prior to added precharge. I am
talking about the initial residual charge on the negative spirals as they came
out of manufacturers before we added precharge in aerospace.

SCOTT: Well, that is a possibility. If that is so and that can have this
much of an effect, then that is something that we gshould be looking at and I
don't know very many people who aré looking at that particular parameter.

FORD: Ford from Goddard. One of your Vugraphs you showed electro-
lyte adjustment. Two questions: Is that adjustment by the manufacturer in the
process of meeting acceptance test criteria?

SCOTT: Yes.

FORD: The second one: Would you care to comment on the relative
amount of electrolytes between the two lots as a final cell assembly ?

SCOTT: Well, I am not quite sure what you are really asking but the
data presented there shows that the net final electrolyte quantity in this one
lot 11 was comparable to that in two of the three other lots that were in that
battery and then there was a fourth lot which was significantly higher in
electrolyte.

FORD: Okay.

SCOTT: Harvey?

SEIGER: Seiger, Yardney. In that group, the last group that was giving
the problem, there were two to three electrolyte adjustments made. I also

noticed that the pressure was higher in that group. Was the adjustment an
attempt to take out electrolyte ?
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SCOTT: The adjustment was made at that time in both directions to try
to narrow the range of pressure. The cells showing up with very low pressures
had the electrolyte added. This was, I don't remember whether that was stand-
ard procedure or something that was arranged for this particular contract, and
then, of course, if the pressures are too high, then some electrolyte is removed
to try to get the pressure down. In that particular lot 11, if you look at the data
carefully it shows that quite a few of the cells on the first run, there is a first
48 hour charge, exceeded 80 pounds, but interestingly enough, more cells in one
of the other lots of those four lots also exceceded 80 pounds than for lot 11, yet
when they were adjusted they seemed to be performing better, but when this lot
was adjusted, the pressures did not come down very far. They just came down
far enough to pass the acceptance criteria.

SEIGER: And you havs not torn them down yet? You haven't looked at
the cells themselves ?

SCOTT: We have some of them taken apart. We are starting to look at
them now.

SEIGER: Any different visual appearance in the negatives ?
SCOTT: None.

DUNLOP: Jim Dunlop. I just want to make one comment somewhat in
regard to the general data. We did have to reject a particular lot of cells on
the Comsat IV program. Interestingly enough, it was a lot 11. I don't know
what is the problem with lot 11. Seriously, the way we discovered our problem
which turns out to be a real problem in performance was not through electrical
measurement. We discovered the problem when we did the electrochemical
and chemical analysis and when we did the electrochemical and chemical analy-
sis we discovered that the manufacturer really had inadvertently put in an excess
amount of precharge in the cells to the extent that there was no overcharge pro-
tection or practically no overcharge protection of these cells at the beginning
of life, but interestingly enough, with no overcharge protection or practically
none at all at the beginning of life you can still pass almost every acceptance
test most battery manufacturers put on it, 50 our contention from this has been
since that time that straightforward electrical measurements are not the full
answer to the acceptance of batteries and since that time we now do an analysis
on every, at least two cells from every lot that we fly in any of our space pro-
grams and this has been in our opinion a much better way to differentiate between
what seems to be questionable lots of cells and acceptable lots of cells.
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Since that time, by the way, we only really have run into one lot which
it was mutually agreed on to not fly because of some question when we made an
analysis.

SCOTT: But the sooner that we can get correlation between that more
in-depth type of testing and electrical performance out into the open the sooner
I will be able to convince some hard-headed program managexr that he can't
use those cells no matter how much chemical this and chemical that they have
in them and we need more of that kind of data I think.

BETZ: Fred Betz, Naval Research Lab, [ agree with Jim. You can
build cells and they will pass all young tests with high precharge. I also know
that in addition to too much electrolyte giving you a high pressure, it could
also be a very low precharge in those particular cells can give you high pres-
sure in the beginning of life and since those cells were negative limited first,
it may well be that that is the relationship on those cells.

WADHAM: Wadham, Telesat/Canada. I would like to support Jim as
well on this business of the electrochemical analysis. The first lot of cells we
had on our Telesat program had a very high precharge and overcharge pro-
tection and luck was on our side because these also turned out to be some mech-
anical leakers and we had -- and the precharge was adjusted right there and on
the new lot we have had fairly good results so far but the original lot we have
tested in the lab and they, in fact, are now showing extremely high voltages
aftcr whatever it is, four years? After four years they are showing extremely
high voltages, so I would agree.

SCOTT: I might have one response to that and that is relative to the
particular problem during the testing, during the electrical testing that we are
seeing, it would appear that if anything, the cells may not have enough pre-
charge at tuis point in time because they are being limited on discharge. We
are not seeing any particular problem on charge but that is because in these
batteries we have individual cell bypassiag on all cells which control the cell
voltage and keep it from going too high.

HALPERT: Halpert from Goddard. I would like to ask Jim Dunlop a
question and that is, do you use as one of yovr criteria exceptions the results
of those cell tests, those two cell tests that you do?

DUNLOP: Well, the answer to the question is no, we do not. It is ac-
ceptance by -- as from the bhattery manufacturer. The question is not so much
acceptance from the battery manufacturer. The question is whether we are
going to accept them for flying in a spacecraft. What we do use them for is
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acceptance for flying in the spacecraft. There are lots of things you can do
with cells when you buy a whole lot of cells for a program and you get a partic-
ular lot of cells and you decide you don't want to use them in your spacecraft.
Then you put them on some other kind of -~ one of your -- you use them as
back up, a spare, or some other kind of test, whatever. You just don't put them
in your spacecraft and that is what we do with them.

RAMPEL: One more. Guy Rampel, General Electric. One more com-
ment to this. We had four separate lots. Now, that means that we had four
different processes, four different times and I want to emphasize a point that
I made before. What is different in that fourth lot, at least much different than
the other three is the overall precharge level in that lot and we avoid that since
1971, whatever year you stated, by procuring a dry cell.

SCOTT: Are you saying it wasn't used ?
RAMPEL: No, it was not but it is now.

FORD: Thank you, Will. I would like to comment, while I have seen the
detailed papers to be presented tomorrow, I happen to know that some of the
papers are going to discuss or touch on this subject of electrolyte management,
precharge, and the eifects of it with life tests and setting up the agenda for this
type of program is very difficult to get all of the typed papers in one session
and not get them inter-mixed, but I think it also has a positive aspect in that it
encourages a lot of discussion as we go along.

I would like to move on now. I have one more presentation before we
break for lunch and that is by Sid Gross of Boeing and his subject is nickel-
cad. manufacturing problems in QC. Sid?

GROSS: The subject of this presentation is electrolyte leukage detection
and the work was carried on at Boeing by Larry Eckhardt (?) and myself. The
customary method for detecting leakage is with phenolphthalein and it is a very
good system. It has some drawbacks, however. Its sensitivity is not as high
as we would like. It is qualitative rather than quantitative, and since the detection
depends on the OH ion concentration, this changes in atmosphe: e due to the
reaction with carbonate, with carbon dioxide from the air.

We had a number of occasions when we thought we had sonme leaky cells,

but these cells all passed the phenolphthalein leak test so we tried to develop
a more sensitive method to do this.
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The approach that we settled on was to rather than detect the OH ion we
would detect the potassium ion which is also available on leakage and we used
an atomic absorption spectrograph as a means for making this detection. We
found that it worked extremely well. What we wanted to do is develop a tech-
nique that would be used either on a cell alone or on a cell that is already built
into a battery. This is the laboratory set up that we used for this.

(Slide 54)

GROSS: We took the cell and put it in this 1ixture with a plastic vial
which went over the terminals and it was placed over the terminals beforehand
and filled about 2/3 full with double distilled water, which poked through the
plastic and then we filled the vial completely with water all of the way to the
top, and let it rest for 24 hours to get the complete dissolution of the soluble
potassium hydroxide or potassium carbonate into the water and we then meas-
ured the water for carbonate content on the atomic absorption spectrograph.

We also ran tests with phenolphthalein for a comparison. The results of
a variety of tests are shown on this chart,

(Slide 55)

GROSS: We pulled out a number of cells from iiventory, some of which
we thought were leaking and some which we weren't sure of and the phenolph-
thalein test showed a mix, some which were found to be leakers by that test and
others were not. The comparison which we used for the atomic absorption test
was the double distilled water which had a very -- 160 parts per billion was the
sensitivity on that particular sample.

In essence, we found that we were able to detect leakage on some cells by
this method, even though the phenolphthalein test showed that they were not leak-
ing and this cell here showed a considerable amount of leakage, over 300 ppm.
This was shown to be leaking. Phenolphthalein did not, and this one was showed
to be a no leaker and probably was not also.

In addition to giving us a more sensitive threshold of leakage, we have
quantitative values and using this it is possible to determine leak rate, That is
all of my presentation.

SCHULMAN: Joe Schulman, PSI. Did you try taking a plain piece of
cover, for example, dirtying it with KOH and try to clean it off and then seeing
what you would get just to see if the very tiny residuals that you couldn't clean
off was what you were detecting?
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GROSS: A cell cover?

SCHULMAN: Yes.

GROSS: We did not do that.
SCHULMAN: Did you try creosol ved?
GROSS: No, we did not try creosol red.

SULLIVAN: Sullivan, APL. Were those leaks intentionally induced for
the purpose of this test or -~

GROSS: No. These were cells which were old and some of them whi_.a
we knew leaked because we could see it had some carbonate on the cells and
some which we thought possibly might be leaks.

SULKES: Sulkes, USAECOM. I think there has been some inieres! in
this type of testing for mercury watch batteries for heart pacers, that type of
thing, as well as watches as a quality control method, and I don't know if the
results were as clean and as we'l showed what your test did show. Thev had
a lot more scatter and that type of tL.ng which of course, were not truly her-
metically sealed.

END OF SESSION
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AFTERNOON SESSION

FORD: Okay. we are going to stray away from manufacturing process
and variables briefly to hear a presentation by Professor Cheh with Columbia
University. The title is "Effects of Pulse Chargingz."

CHEH: Thank you. I would like to describe a research project which is
currently being carried out in our laboratory at Columbia. The title of the
project is ""A Study of Pulse Charging Electrochemical Cells'" and it is being
supported by the Jet Propulsion Laboratory.

Since pulse charging of secondary cells is a relatively new subject and
we have caly gotten into this area, really, on a part-time basis about a year
ago, 11y presentation will, therefore, begin with a short description of the gen-
eral background of pulse charging. This will then be followed by a discussion
of some of our preliminary results, a few conclusions and speculations based
on these results and our plans for future work.

Pulse charging of batteries has only become an area of investigation
during the last 10 years or so. However, in a related area, namely electro-
deposition or electroplating, the application of pulse or periodic reversed
currents have been studi~d and have obtained practical results since the 1940's.

Now pulse charging involves the application of a series of pulsed currents.
Now let me move over here and bring the Vugraphs over.

(Slide 56)

CHEH: The two most commonly used methods of pulse charging involve
the following wave forms; a straightforward pulse charging consisted of a series
of pulsed currents. They are square in shape. It consisted of an on-off cycle
and the battery has never discharged. On the lower part of this Vugraph it
shows what I called a periodic reverse charging follcwing the terminology from
electrodeposition. The currents are still square in shape but the off period of
the pulse now is replaced by a discharge current.

Since any charging method other than the straightforward easy method
irvulves somewhat complicated instrumentation, the next Vugraph, on this

Vugraph I have listed some of the advantages which have been claimed in the
literature concerning pulsed and periodic reverse charging.

(Slide 57)
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CHEH: The results listed here on the zinc silver oxide cell were mostly
obtained from literature from the mid to late 1960's. It was reported that by
pulse charging the charge acceptance can be increased. Also, better adherence
of zinc electrode was observed. By periodic reverse charging reduction of
dendritic formation of zinc was also observed. The nickel-cadmium cell results
were only reported in the last five years or so. There are three major advan-
tages. It was reported that gas evolution during overcharge can either be re-
duced or in some cases completely eliminated. Also, faded cells can be re-
activated using pulse charging methods, and finally, there are some indications
that the charge acceptance can also be increased by pulse charging methods.

CHEH: Since all of these results were obtained from various laboratories
using specific systems, it is generally very difficult to extrapolate the research
results without a basic understanding of the process. In our work we proposed
a three-step research project to explain the effect of pulsing.

(Slide 58)

CHEH: First, we carry out a systemmatic investigation on the effect of
pulsing by using half cells involving relatively ideal film electrodes. Concur-
rent witk these experiments, a study is being carried out to understand the three
basic aspects of charging, namely, a mass transfer of energy and structure of
the electrodes. Finally, actual testing will be initiated with nickel-cadmium
batteries to establish a model for pulse charging which may include establish-
ment of a set of optimum charging conditions.

Now, unfortunately, at universities, we normally do not have facilities to
carry out systemmatic evaluations of battery performance and we certainly
hope some of you may be interested enough to look into that.

I must mention here that we are aware of the valuation work which is
currently underway at the U. S. Army Electronics Technology and Device
Laboratory at Ft. Monmouth, New Jersey.

Now, let us now consider the three basic aspects and what is known about
them and also what is being done about that.

(Slide 59)
CHEH: First, take mass transfer. Electrolysis by pulse or periodic

reverse currents change the concentration distribution of the reacting species.
In contrast to DC conditions, the transport of the reacting species is reinforced
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during the off cycle of the prise. This results in a net increase of the reacting
ion concentration at the electrode solution interface, thereby leading to a reduc-
tion of concentration over poteatial. That is item one.

CHEH: This consideration is important in delaying side reactions such
as gas evolution, leading to a higher charge efficiency with faster rates. Also,
the reduction of concentration over potential can lead to power savings. Quan-
titative calculations on the increase of the reacting ion concentration, the reduc-
tion of concentration over potential and power saving has all been made.

(Slide 60)

CHEH: The next Vugraph shows you a typical example of the reduction
of concentration over potential based on a theoretical model which we have set
up. Shown here on the abcissa is a ratio of the concentration over potential
and the pulsed condition versus that under DC conditions, so it is a ratio of the
two and plotted on the abcissa of this figure is a ratio of the instantaneous pulse
current to the DC limiting current.

Theta one over theta known as the duty cycle is the fraction of the time
for which the current is on. There are two features worth noting from this
figure. As the duty cycle decreased the reduction -- there is an increase of
reduction of the pulse over potential, but this is reasonable because as the duty
cycle decreases you allow more time for the reacting ion to diffuse back to the
interface.

Also, as the pulse current increases, there is a general trend of decreas-
ing concentration over potential, but this is also reasonable because as we ap-
proach the DC limiting currents, the DC over potential gets larger and larger.
Theoretically, at the limiting currents, you would -~ the DC over potential would
approach infinity. In fact, that is the reason why all these currents drop to zero
as this ratio approaches one.

(Slide 61)

CHEH: The next Vugraph shows a calculation based on the last figure on
the total power savings, simply resulting from the reduction of concentration
over potential. We see here as we increase the duty -- as we decrease the duty
cycle in the selection, the reduction is increased and also, of course, if we in-
crease the pulse current the reduction is also increased. For instance, at a
value of IP over I sub DCL of .6, the total power saving at a duty cycle of .2 is
29 percent. At the same time at a duty cycle of .8 it is roughly 11 percent.
Okay? The saving is about 11 percent,
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SPEAKER: Power or energy?
CHEH: Power. Okay.

CHEH: Electrokinetics can also bz effected by pulsing in two ways.
First, during each part of the on-off cycle, part of the current is used for a
non-faradic process, namely, charging and discharging of the electrical double
layer. For battery electrodes which ara typically porous and have large surface
areas, the capacity effect can be rather significant. That is item one here.
Unfortunately, there is little quantitative information of this particular aspect.

Also, electrochemical kinetics can be effected, especially in systems in-
volving more than one electron transfer process and we have at this stage made
a general formulation of the effect of this particular effect which includes the
transport and kinetic considerations. It is very likely that this can also have
an effect in the overall chargiag process effecting the efficiency of charging.

There is a third and very important aspect which is structural consider-
ations. Electrode structures can be effected by pulsing also in two ways. First,
the composition of active materials can be effected by pulsing and also crystal-
line size and structure themselves can also be effected. Now this, unfortunately,
is an area that is somzwhat beyond our field of competence. Meanwhile, it is our
feeling that this aspect may turn out to be one of the most important consider-
ations of pulse charging.

For instance, there are numerous reports in the literature which have
indicated the tendi:ncy of reduction of dendritic formation of zinc by pulse
charging. At the same time the crystalline size has been reported e drasti-
cally -- of the active material has been reported to be drastically s .ed in
nickel-cadmium batteries by pulse charging and there are a number u. other
comparable kinis which were made in the literature. Consequently, a basic
understanding -f the effect of pulse charging of secondary cells must include
in our view, siructural considerations.

CHEE: Now I would like to briefly describe experimental results which
were obtzined in our laboratory and our future plans for the project which is
supported by JPL. We have carried out a systemmatic half cell study of nickel
and cadmium filament electrodes using a 60 hertz pulse with duty cycles and
the charging currents as the major independent variables. Both the pulse and
period reverse charging were studied. Our results have shown so far that under
the conditions we have studied, a straightforward pulse charging has relatively
litt)a effect on the charge accepta.ce. On the other hand, the charge acceptance
can be increased rather drastically by period reverse methods.
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Currently, we are studying the electrokinetics of the half cell behavior
under pulse conditions. We are also initiating some structural studies, both
on the composition and the crystalline modifications by pulsing. However,
there is, in my view anyway, there is considerable conceptual and practical
difficulties in doing structure analysis for battery electrodes. The difficulty
arises from preserving the integrity of the electrode in a battery environment
and transferring it to an analytical experiment. I have no idea what happens
to an electrode when you take it out from an active cell and you dry or what-
ever you do. Apparently, the active materials may not be, for instance, stable,
and things can change by the time you look at the crystalline structure and
composition. You are really looking at a different piece of material and here
is a problem that we are thinking of. Well, we have some ideas how to over-
come some of the difficulties, but any suggestions from this audience would be
most welcome.

This concludes my very brief and short summary of a project which, as
I have stated earlier, which has started recently in our laboratory. I thank you.

I must acknowledge one more point, that although I am directing the pro-
ject,most of the work is carried out by Ms. Redozian (?) who is the only woman
in the audience today. She is a graduate assistant and does most of the work.-

BRIGGS: Briggs. In your denominational parameter of theta one over
theta, do you have a pulse charge? 1 would like a definition of pulse charge
and when does it go from a pulse to DC? 1s it a matter of minutes cr is it
minutes or do I have to say in the 60 cycle -~

CHEH: No, you don't have to stay in the 60 cycles. I mean, theta one
over theta is only a ratio. The practical pulse rate varies all over from mini-
seconds, the total cycle time, up to seconds. Years ago in electrode deposition
people were using seconds, but as electronics get better and better they go to
shorter and shorter times and apparently shorter cycle time gives more bene-
ficial results, but as you go to very fast pulses, you will run into this nonfaradic
interruption, charging and discharging of the electrical double layers. In that
area it is fine. People talk about on one pulse -~ now we have repetitious pulses
and we have no idea at this stage without a further study to appreciate what effect
it would have.

To answer your questions, we are looking at 60 cycles just for sort of

convenien: , but if you go into the literature you find that there is a range that
people look at pulses.
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BRIGGS: Mr. Dunlop was looking at that, I believe about eight or nine
years ago and most of us were working in this area then,

CHEH: Right. What sort of cycle time did you use at that time ?
BRIGGS: Jim, you were looking at about 60 cycles, weren't you?
DUNLOP: 1did a lot of different things going from minutes to seconds.
CHEH: Yes.

BRIGGS: That was primarily in minutes, you know five minutes on and
off and stuff.

CHEH: Right. I mean, in order to see the effect of pulse, if it is a very
slow pulse in minutes, if it is an open circuit kind of pulse, it is like a DC,
right? You turn the current on and you shut it off or two hours you turn it on
again you are not going to see much effect. Okay? But it has to be in a range
that the effect of pulse can be important. That would go to the range more like
in the 10 milliseconds or 15 millisecond range.

KUYKENDALL: Kuykendall, NOAA. Can we say then that we have a
satellite spinning at 100 rpm. If we are charging every time we look at the
sun, what 1-1/2 or 2 hertz, --

CHEH: Right.
KUYKENDALL: -- thatis also considered a pulse?

CHEF: Yes. Now, one other parameter in my figures I did not mention
and nobody -- I was hoping that we would not get into that, if we look at -~ let
me show you what I mean here. There is a figure in here, or there is a param-
eter, which says A theta equals .5. What is this A, this mysterious A? Okay,
it is a reciprocal time, and it has something to do with the mass transfer charac-
teristics of the pulse with the sturring of a solution, you know, what we call a
diffusion layer or something like that. A is an inverse of a dimension of a dif-
fusion layer, so now that means in order -- if A theta gets to be -- if theta gets
toc be very, very large, eventually you no longer have a pulse. You have a DC
condition. If A theta gets very short you have pulse conditions, so it would
depend on the individual system. You have to evaluate what is the corrected
mode ? What is the diffusion phenomenon in your cell and you are spinning at
100 rpm itself will introduce a motion and that actually can be calculated into,
absorbed into parameter A and look at the overall effect, so that is is the com-
bination of the two, okay, that when you have a range of .2, .3, that would become
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important. Above 1.5 it is like a DC. It is equivalent to a DC with interrupted
currents.

SULKES: Sulkes, USAECOM. One thing that you mentioned about your
power curve, you talked -- I think there may have been a confusion on that.

CHEH: Okay.

SULKES: You said savings of, say, 26 percent or something like that. I
assume that is an over potential type of saving.

CHEH: Exactly.

SULKES: Okay. But that is noi total power. In other words, a ni-cad
is 130 and you are charging at 140. You are saving 26 percent of that from
130 to 140.

CHEH: You would then multiply that by the charging current. The saving
of the over potential you multiply that by the current and you get a net saving of
power.

SULKES: No, no. It is not a saving of power. In other words, you have
got to put the open circuit as well --- or you have got to put 1.4 volts in. You
are saving .02, for example.

CHEH: Right.

SULKES: Which would work out to be 1-1/2 percent or that type of power
saving.

CHEH: Right.

HELLFRITZSCH: Hellfritzsch. You asked for suggestions on how to
examine a freshly deposited layer. If you don't know about it, the Naval Research
Laboratory published in the Journal of the Electrochemical Society, oh, maybe
15 years ago, I guess Steve Burbank would be one name and Wales and Simon.

CHEH: Yes,

HELLFRITZSCH: And what they did, they had a rotating electrode.

CHEH: Yes.
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HELLFRITZSCH: That was almost totally immersed.
CHEH: Immersed, right.

HELLFRITZSCH: And as it came up through the surface they then looked
at it with their light beam f. r spectrographic examination.

CHEH: Yes. There are sume -- we have some of that. For instance,
people have kir.1s that you can do in situe measurements, X-ray defraction
studies.

HELLFRITZSCH: Right.

CHEH: But electron microscopy is out of luck. There are certain things
you can do and that you cannot do. Of course, one can hope that by the time we
take it out from the cell and you analyze it, nothing happens, but that is -- I can-
not verify that. There are some suggestions that we have got from the people
at JPL, from electron microscopists saying that you can seal it in the same
mylar tape and by reasonable care of the tape you may be able to preserve a
sample.

One of the things that we are rather new in the field and that bothers us
most was reading from different sources you have got different results and you
look back, in the methods you are not really sure whether these, based on dif-
ferent systems or different techniques, and the reproducability is frequently
not mentioned and those sort of things, and we, at this stage, are finding a lot
of difficulty in trying to do -- I mean, we can generate lots of pictures of crystal-
line sizes with electron microscopes. You can just stick in a sample, but is
that what you really have in the battery is what we are concerned with. We think
that is the iinportant thing, but yes, we have seen some of that work.

GROSS: Gross, Boeing. It would appear to e that an important aspect
that would be worth examining is the effect of an AC ripple on a DC current
because that can easily be implemented and practically every application.

CHEH: Yes. There are other methods people have done charging bas.
on something called asymmetric AC which can either be what you said where
you superimpose the AC on the DC. That is what you meant, a ripple, and there
are, in fact, people who use two truncated sine waves, one for the charge and
one for the discharge. It i3 not an addition of the two, of DC and AC. Both have
been looked at, mostly not in batteries but in electrode deposition.
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I sort of got onto this because of my work in electrode deposition under
various types of current waveforms, but certainly those are important aspects,
but I think the most drastic aspects would be the pulse.

GROSS: I might expand my comment to mention that in moat applications
that use boost dischargers, you get that sort of discharge because you discharge

in pulses and so you effectively get an AC superimpose over DC for the discharge,

so it would seem to me to be essential for the industry to examine that partic-
ular problem, or that particular aspect of it.

FORD: Other questions on pulse charges? Okay.

Okay, at this time I would like to give a short presentation I had planned
for tomorrow and two reasons. One is the schedule tomorrow is kind of full
and second is, I think this presentation will fit very nicely with some of the
subjects that were discussed this morning and probably lead us into some good
controversial topics for discussion.

I am going to show you the effects of reworking cells, namely ''rework-
ing'" being defined as removing electrolyte below the normal specified level
that had been used in this cell design. I am going to talk about it in a Gulton 6
ampere-hour using SAFT commercial plates manufactured in 1971. The cells
were processed in late '73. We used Pellon 2505 separator material bought to
the quote, ""Goddard specs.', unquote,

FORD: We did the things, all the good things, plus a couple of bad things.
A little background is that these plates were screened. In fact, they had been
screened a whole lot and the plates used in these cells were rescreened on the
high side of the previous weight screen that is specified, so in essence, a new
baseline was established on a lot of plates for screening and as a result we
ended up with some cells that were fairly high capacity. The initial capacity
during flooded tests was in excess of eight ampere-hours on the positive. We
fabricated the cell, put the specified amount in, and then proceeded to test the
cell and during tests they found out that the cells would not meet the pressure
characteristics as specified. As a result, electrolyte was removed. A couple
of cycles rework were involved and they were resubmitted to test and most
cells met the requirement of the spec.

As a result of losing electrolyte, we saw an initial decrease in the de-
liverable capacity from about 7-1/2 to 8 to down to approximately drop in a
half an ampere-hour to around 7, and as results of these problems with these
cells Goddard accepted them on a conditional basis. That is, we life test the
cells for one year, sample cells prior to taking delivery on the complete
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production lot. This was one of the few cases in my experience where I am
working and trying to buy flight cells when I had the luxury to test the cells
before I had to commit them to flight.

(Slide 62)

FORD: The cells were placed on life test at NAD Crane. They were run
at 20 degrees C., 25 percent depth of discharge, using a voltage limit of ap-
proximately 1.416 to 1.417, with a C to D ratio of 110 to 115 percent.

FORD: Shown on the bottom of this Vugraph is the aeration and electro-
lyte levels as a function of end of charge voltage at two different po.nts in tl..
early cycle life. Not shown is the end of charge voltage for approximately 2,000
cycles. End of charge voltage is not shown, but it suffices to say that there is
not a significant difference between what was shown here for 377 cycles and just
over 2,000 cycles. But bear in mind we have two distinctive groups of cells,
those with 13 to about 14-1/2 cc's of electrolyte and those in the range of 17-1/2
to 18.

(Slide 63)

FORD: The next Vugraph shows the end of discharge voltage as a function
of early cycle life, approximately 1/2 a year and then at the end of the one year
test and also summarized in the bottom lefthand corner is the test condition and
the pact identification.

Showing the typical drop in end of discharge voltage compared as a function
of electrolyte levels. That in itself is not too surprising and on an individual
basis or looking at a single group of cells you probably wouldn't get too excited
about the performance of either one. I am presenting this in a relative basis to
try to give you some insight into what effects truly are realized and I reiterate
the point that the initial performance of these cells all fell within a very nice
limit as far as pressure, as far as voltage, and capacity.

(Slide 64)

FORD: The one you just saw was end of discharge voltage at the end of
25 percent. After 5,000 cycles, 5,052 to be exact, we did a capacity check to
see how much capacity we had in the 10 cells. The little triangles indicate the
capacity discharge immediately following cycle 5,051 showing the spread in
capacity versus by the function of the amount of electrolyte. Also shown is the
capacity following the discharge cycle of one volt, one ohm, C/10 and then
another discharge at the cycling rate which in this case was 3 amps for a 6
ampere-hour cell.
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You notice the significant increase in capacity of the low electrolyte cells
versus the some increasc in capacity of the high ones, but basically the group-
ing stays about the same as that obtained after one year of cycling.

(Slide 65)

FORD: There were a total of 10 cells involved in the test and this depicts
the best and the worst voltage and capacity on that final discharge that we made
to determine capacity. Now what I have tried to indicate here are a couple of
things. One is a comparison of the voltage degradation as I showed previously
in the discharge and a comparison of the capacity degradation. They are not one
and the same. The numbers indicated are indicative of the cc's of electrolyte
contained in each cell shown at the upper and lower curve formed an envelope
of the performance of 10 cells, showing basically that these are the capacities
of all other cells and their discharge curve fell within the lilnit as identified
here.

(Slide 66)

FORD: Following the one ohm, as I indicated previously, we recharged
and discharged again and this is the subsequent voltage and discharge curves
that we got showing one for one volt. We are now above rated capacity on the
worst cell and we are getting a little bit better performance out of the cell with
the high electrolyte, as indicated, as previously I showed the capacity spread
of the other eight cells and their voltages would dip within the envelope of that
shown here.

Now, looking at this, one might immediately say, well, why do you have
initial discharge voltage that is different? Well, the simple fact, these cells
now have high pressure characteristics again. You cannot overcharge theee
cells after 5,000 cycles, 80 in essence the cure or whatever you want to call
it, was only temporary.

I presented this data to illustrate a very valid point. There is nothing
that the manufacturer does in the process of building this cell prior to welding
that tube that doesn't effect the performance of the cells in my application.

Now tomorrow I think you are going to see a lot more of this, but a couple of

the points I would like to follow up are we have building ni-cad cells since 1960,
make it 1959, and in late 1960 we got in a big hullaballoo about positive and nega-
tive ratios, precharge. Fixes were made and I can mention today that is exactly
what was done. Fixes were made with apparent delinquent cell characteristics.

I point out to you that the negative-positive ratio increase that we are getting
today was not done at the sacrifice of positive plate capacity. It was done at a
sacrifice of increased loading on the negative.

72



In the aerospace process that is followed, the aerospace users have built
themselves into a box. I am not so sure we are not buying less quality cells than
we did five years ago when we were getting negative-positive ratios of 1.3. I
contend that the negative-positive ratio isn't the critical thing in the cell. It is
how you build those numbers, both positive and negative capacity and the efficiency
of those, not only in the first 30 to 60 days that the manufacturer tests his cells,
but throughout the five years that I need to meet my mission requirement.

Another point I think is very interesting, a rule of thumb if you look at pres-
ent generation cells, you see that irrespective of which manufacturer you lcok at,
you will find about three cc's of electrolyte per ampere-hour, rated. You see
right here on this when we are talking about 18 cc's and on six and it went below
that.

Also, you have seen, if you have followed aerospace cells very closely, an
increasing difference between rated and actual capacity. With this evolution you
would also, if you have looked at it very closely, you have seen a declining trand
in the number of cc's of electrolyte per rated ampere-hour. Today what started
to be elect. olyte-starved cells are now cells so critically starved of electrolyte
that we are seeing wide variations in performance, especially in the life of the
cells, I think it is time that as acrospace users, we re-evaluate our criteria for
success and what we need to do a mission.

Do you need 40 ampere-hours of negative capacity in a 20 ampere-hour
cell? Do you need 35 or 30 ampere-~hours of positive capacity in a 20 ampere-
hour cell? I say you don't, not if it is at the sacrifice of the amount of electrolyte
you put in the cell. Thank ycu.

Any questions? Ralph?

SULLIVAN: Sullivan, APL. I am wondering, Floyd, on this question r¢
negative to positive ratio, wasn't it Goddard that made that such an important
factor back three or four years ago?

FORD: Yes.

SULLIVAN: Okay, just wondering.

FORD: Okay, you are very right and I am a user and [ am no *nore blame-
less than other users. You are going to hear me criticize users today and
tomorrow. I am going to also criticize manufacturers. It is time we start

reckoning with what we are doint to aerospace cells, both on the manufacturing
and from the user's viewpoint. The user has pressed the manufacturer to deliver
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more capacity, but in pressing for that capacity he has further restrained the
weight you will allow him to deliver with and the volume to put it in, all this in
absence of any real significant a”vances in the technology of making plates.

SEIGER: I will let the last sentence that you just made go, but you have
had a beautiful opportunity with cells with various amounts of electrolyte to
take a look inside, look at electrolyte distribution and the various species and
how they are distribuied. Do you du this before your - you know, we have had
several thousands cycles done before you recondition and tkcn after recondition ?
That would be interesting.

FORD. In this case, no. We have other tests going where electrolyte is a
variable, and interestingly enough, the conclusion that I can draw so far by in-
creasing the electrolyte and I am using as a kind of a definition, a baseline
definition, three cc's per ampere-houi, okay? You have to use something as a
basis so I am using that for discussion. In increasing the electrolyte we don't
see the collapsing of the capacity curve, but we still see the doukie plateau effect.

SEIGER: About two years ago at this audience, I was talking about electro-
lyte and ways of putting it in, where it is distributed at the beginning and I came
to a rather different kind of method of putting electrolyte into the cell and I
wanted about 95 percent of the residual void volume figured on the basis of the
discharged cell. That was the amount of electrolyte that I wanted.

Now, generally, I come up with numbers that could be like 2-1/2 milliliters
per ampere-hour up to numbers that were almost 5 milliliteres per ampere-
hour, but they were all the same kind of thing. It depended upon the loading. It
depended upon the inter-electrode spacing, separator chosen, and it did have a
wide variation. I think I would prefer that kind of rule for a baseline rather than
three milliliters per ampere-hour.

FORD: Okay. I didn't mean to establish that as a rule. I am saying that is
a relative comparison point. I am using that for saying plus or minus, minus
being what I presented here, plus - rsus what we did on some other programs.

SEIGER: Could you please, then, carry along with your work as you proceed,

your number not only as milliliters per ampere-hour, but also percent of filling
of the residual voids so when you come to a conclusion we may be able to extra-
polate more if one ismore correct thau the other.

FORD; You are talking about residual plate voltage ?

SEIGER: Yes, plus separator.
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FORD: Jim?

DUNLOP: Jim Dunlop from Comsat. I really have about three comments.
The first one is one of the things that I think we have talked about in the last ..o
or three years is that if you are designing a cell for a synchronous satellite,
I think you have got one set of criteria. If you design the cell for a low-ecarth
orbit satellite I think you have got another set of criteria, and one of the problems
is that you continually mix the requirements up in terms of everybody buys
basically the same cell and you are trying to use the same .ell for the high rate,
large number of cycle tests that they do for the long life syachironous satellite
tests and [ think that is one of the things that from my point of vi- w has always bcen
very confusing.

I contend and I have for the iast four years here, that the nickel-cadmium
battery that we usz today in synchronous satellites was designed for low-.arth
orbit spacecraft. It never has been properly designed for a synchronous satellite
application to date. That is No. 1 point. No. 2, the other one, when this comes up
I really get confused by what the position of Goddard is because I hear all of your
complaints and at the same time I hear you guys talking about a standardization
program and I simply do not understand whether you are trying to standardize a
bettery or whether you are trying to improve a battery,

FORD: We are {_ying to io both, Jim. I would resist all pressure to
standardize on the current cell that we are buying.

DUNLOP: But that is what you are doing.
FORD: No.
DUNLOP: You are going to standardize.

TORD: One of the very key factors that we are doing and I think the point
war overlooked this morning, in the past we have never specified a »*aximum
capacity that a rated cell could deliver and therein is where we have gotten into,
I think, some different problems. Today in the standard cell we are saying a
standard 20 which is specified with an envelope that encomvasses the telerance
designed for the basic manufacturers cells. We are specifying, also, that that
cell cannot deliver over 26 ampere-hours and therein is where we have gotten
outselves seriously into probleras, Where in the rorld we get the idez as
engineers and battery users that the higher the c.pacity the better the cells,
it alludes me as how to we arrived at that conclusion. I would rather work with
a cell that is 21 ampere-hours and pay for a 20 than where I am paying for a 20
and getting 28 without the technology to support that 28,



MCHENRY: McHenry, Bell Lab. You were talking about the excess nega-
tive in there. Nowif you are going to keep the same electrode and just stuff
metre cadmium in, you had better not. That isn't going to get you anywhere.
What you need is excess negative that has some volume, excess volume included.
You want to lower the negative lighter per cubic inch and a battery heavier per
ampere-hour of negative. In other words, you have got to make it a lot bigger.
You have larger volume of negative and the density of the negative is lighter.
You don't stuff it so full that what happens, I think what happens is the pores
get so small they slide and then they don't recombine at all.

But if the excess negative is two to one, it is a grand idea but you have to
have the increased volumr in order to hold it and still have the void there for
the electrolyte. You have gt to huve some empty space in there somewhere.

I think the smaller the pore the deever it was.

SPEAKER: Floyd, if [ understood you correctly a little while ago you said
that previous to now NASA had not specified the maximum capacity. The way I
understand the 761 spec., tbe positive capacities are in a range of 120 and 150
percent of rated and the negative shall be 150 percent of the maximum positive.
That kind of sets it. What you probably want to do now is reduce that 120 to 150,
but you did specify a lower and an upper limit than the 761 spec.

FORD: Okay. L.. me qualify the statement. We have not stated a maximum
capacity or ‘he fi ishs u cell. You are referring to flight nay capacity and the P6
to P761-6 does in fact limit the capacity in the flooded plate to the numbers you
stated.

SPEAKER: That yields the net finished cell ?
FORD: Yes.

SPEAKER: Another point is this: in reducing the loadi~g of an electrode,
vou will increase the void volume. You will then require more electrolyte. Fine,
but the thing then that is important now is what is the effective electrolyte,
namely, in the separator during the dynamic charge and discharge? That is
what counts. Just putting more electrolyte into the cell and laying in the electrode
is not the whole solution. It is the effective amount in the separator during the
cell charge and discharge.

FORD: Well I had to point out the similarities between the data I showed
here and some of the test results that have been shown witi polypropylene
separators, whereas the capacity degradation is very scvere in a relatively
shrrt ti.ae of cycling. Now it does recover with so-called "reconditioning' as
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shown here. We have got a substantial recovery of it, so therein it seems taat
it is basically electrolyte management problem. Now, if you start off with a cell
that is suitably charged with all of the information we have today we have pretty
well established certain characteristics such as positive plate expansion, plate
growth, whatever you want to call it, and with these things working for you, I
think we have the information so really the engineer has a good cell design, and
acknowledging Jim's comment, there is no question in my mind that for certain
applications there are factors that are more critical than others, and I agree
wholeheartedly that the optimum cell for a near-earth orbit would not recessarily
be compatible with the maximum life and optimum cell for a synchronous orbit,
but I quite frankly don't see where electrolyte starving a cell does us any good
in either orbit.

SPEAKER: Floyd, there is one thing that has always troubled me a little
bit about these meetings. Most of the discussion about how a cell should be de-
signed comes from the battery user and very little of that discussion comes from
the battery cell manufzcturer. I would think it would be the other way around.
Wouldn't it be better to take the government money and put it into the few battery
cell, flight batteries, that is spacecraft battery cell manufacturers that we have,
give that money to them and let them do the electrochemistry and analysis and
whatever rather than the battery users, ~r is this heresay?

I happen to be a battery user, by the way, but from my viewpoint I would
rather not have to go into all of the electrochemistry. I really don't care about
it. I would rather just order a cell.

FARK: Park. I think the sticking point there is that if you take the govern-
ment money, the government owns it, isn't that right?

SPEAKER: What is wrong with that?
FORD: We haven't built a battery plant yet.

SPEAKER: The government owns it anyway. I mean, what is wrong with
that?

PARK: Ask the battery makers and see what they say.

MCHENRY: I believe that most of the batteries are sold for toys and hearing
aids, stuff that breaks before the battery dces, so if the battery will last six
months, the tooth brush will be dropped before that and then you don't have to
worry about it, and that is where the guy makes all his money, and then you come
in and you want a different battery. Well, if you give him money he is going to
spend it on the one that makes him money, not on the one that you want him to
spend it on.
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SPEAKER: That is correct.

MCHENRY: And he is in business to make mon~y, not as a philanthropist
so — he just says to you, '"Well, I make all of my money on toothbrushes and that
is what I am making for a battery."

PARK: I still think, to be very frank, because I have been working with the
government during the war six y ars, starting very early before Pearl Harbor and
was involved in a lot of contracts and everything, and the minute you take the
government's money the manufacturer has something proprietary, it ian't
proprietary any longer.

Now, not too many people that are making.things and hrve some proprietary
knowledge they want to give it out. You might just as well recognize that right in
the beginning because you will never make any headway.

MCHENRY: He isn't going to do you any good in other words. He is going
to do his good for him and he won't tell you what he has. What good is he ?

FORD: Okay, Rampel?

RAMPEL: Yes, General Electric. Floyd, I absolutely agree that the more
electrolyte the better, no question about it. But in looking at your data and 18-1/2
cc's is about the right amount in a 6 ampere-hour cell. Certainly five percent
below that, from your data, is within the population for 18 or 18-1/2 and there is
not a problem. Going to the extreme that you showed, there is no question tht
you have got to stop somewhere and I would say that five percent is reasonable
and the other end to this, really, to eliminate some of those adjustments is to
have initially a much higher pressure allowance in the specification.

SEIGER: When are we going to start the general discussion because I think
we could put some of thd pieces together.

FORD: We are going to have a break in a few minutes, but go ahead.
SEIGER: Shall I hold it until after the break?

FURD: All right, let us take a 15-minute break. But first I have an announce-
ment. On this table over here you will find the document on the Goddard Standard
specifications. That was referred to this morning. There is a correction to be
made on page nine of the slop2 of the V versus T curve. I might comment on the
standard Goddard spec., to use as a baseline in establishing a standard battery.
Now I am not talking about the standard cell any more. I am talking about the
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standard battery package that was referred to this morning, and in this spec. we
have the requirement we feel that should be reflected and I emphasize that word
"reflected" in a standard battery design.

It also gives you some insight into the charging technique that is going to
be implemented or that is going to be requiredto be implemented in the standard
spacecraft; namely a multiple V versus T. We took this approach because in the
standard spacecraft it has to accommodate brand X, Y, and Z. Now once you
cross that obstacle others become kind of small as far as variation, particularly
in voltage performance of cells. I think you might find that very informative
and useful. We obviously welcome your comments, both negative and positive
on it and perhaps some of you will get a chance to really go over it in the distant
future.

Also, there is a copy of a tech. brief on silver cad. batter; heater, more or
less indicating how the life of silver cad. batteries through the use of some very
unique thermal principles has been significantly enhanced in orbit. I think, Bill,
correct me, we have got one silver cad. now that has exceeded three years —

NAGLE: That is right.

FORD: - in orbit and this talks about how we were able to do that showing
again the effects of temperature and how it reduces or increases the life of the
battery and I want to annownce at this point and I will make the point again, we
will start in the morning at 8:30.

RAMPEL: Guy Rampel, General Electric. Ore more question before we
break, on that subject. You said the cells went back to high pressure. Is that
oxygen orhydrogen?

FORD: The recombination of the gas in a relatively short period there
indicated it was still oxygen. We saw no problem with hydrogen generation on
these cells that we identified as such.

FORD: Okay, the rest of the afternoon we are going to proceed with what
we call open discussion. We are going to keep the groundrules very simple.
Everybody not only is invited, but vou are encouraged to participate. We, in
planning the workshop for this year, and looking back to our past experience
and what hashappened at the various workshops, we wanted to add to the informal
atmosphere that we try to generate here each year, but we also want to ask you
as a user and we in no way imply that-this is limited to aerospace users. We
are interested in all user problems, and you, the manufacturers. We are a'so
interested in your problems, so I hope for the remainder of the day we can be
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honest and sincere and have a frank exchange. I have asked the gentleman that
you see before me and I think they have all been introduced sometime. I guess
Fred, Fred Betz, the NRL gentleman, hasn't been up here formally. I have asked
these gentlemen to sit up here to support me.

After the last session I think I need it. I think it is time we take stock of
where we are, basically what we known, where we are, and probably more im-
portant, where do we go irom here today? What direction do the ni-cad cells
take? What importance is it going to play in future aerospace needs and then
along with that, what importance is the ni-cad system going to play in other
needs of this country ?

In looking at this we feel like we have a world of experts here before us
and with us, each in his own right has made a contribution to where we are today.
For the sake of Goddard's planning and looking at the future we want your com-
ments. We want to know what the problems are today. Obviously you have
already heard a lot of mine, but we want to know what yours are and putting it in
proper perspective, given the money to solve the problem, which one would you
put the money behind and with that I would like to kick off this open discussion.

I am going to ask that we, the panel members here, that they will support
me and I think you should attack and I will run to their defense at any time.
I hope we get the participation primarily from out there and me and the panel
members are a catalyst to get the discussion going. With that I will ask one of
you and I haven't asked specifically an individual but one of you if you would like
to kick off with some comments on what you consider your problem is and what
you think sb wild e deve about it,

KR2JSE: All right, I will start if you like. I think over the past several
years at Hughes we have been doing a lot of cell analysis which has been corrciated
with the results of a number of life tests, especially aimed at synchronous orbit
problems because that has been our primary business and it seems evident that
if I were to be given free ruw. *o start a program on improvements of specific
ni-cad problems our major problem, clearly, is electrolyte redistribution. The
results of most of our life tests and our analysis suows that electrolyte redistri-
bution is the eventual and ultimate cause of the cell to either completely fail or
degrade so that it is no longer usable for the satellite power subsystem. I don't
think, for example, that cadmium migration in and of itself is a problem any
longer because I think we are understanding now better ways to handle it and,
for example, trickle charging clearly for synchronous application, our data
shows that it reduces cadmium migration to a very reasonable level for periods
of five years and more. Secondly, I think we know that if we can run our satellite
batteries cooler, the batteries are going to last considerably longer. We are
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using information such as we have seen this morning on rate reactions for nylon
to twist the arms of our satellite program managers and tell them that if you
want a 10 year satellite, buddy, then you had better get that thing cooled down,
and we are now coming up with that kind of information and they are becoming
convinced that they are going to give us cooler environments for the batteries.
I think, thirq, teflonation will probably contribute to a reduced cadmium migra-
tion in the future and I think overall that cadinium migration is not a problem
per sBe, but the significant problem which can cause cadmium migration and can
cause voltage fading, which can cause loss of capacity is probably electrolyte
redistribution. It also apparently causes swelling of positive plates which can
lead to shorting, compression of the separator, and we have seen evidence that
that kind of a problem will lead to reduced oxygen recombination. If you close
down the pores of the separator the gas can't get through.

Electrode deposited or electrochemically impregnated positive plates may
help to solve that problem, since it is not expected that they will swell very much
or that they will hydrate badly, bt ; in general, I think electrolyte redistribution
is the major problem and if I were given a program to embark on, what I would
like to see is to develop a semi-flooded or even a flooded ni-cai cell with ap-
propriate charge control systems to limit pressure. I think running the cell
flooded will lead to a very long life. I think lower active material loadings will
help the electrolute redistribution problem and I think it might be interesting
to even consider reservoirs similar to what is being considered for nickel
hydrogen because a reservoir, and I don't know if anybody has considered it in
the past, a reservoir might help over a 10 year period with a synchronous
design, but it -

FORD: Thank you.

SEIGER: Seizer, Yardney. It was two years ago that I presented a paper
at this forum talking about electrolyte redistribution and those data, and I did
present some hard data — are sitting in the transcripts of the 1973 meeting. At
that time I pointed out that there were three items to be considered with electrolyte
redistribution. Item one, considering thc cell as having two fixed walls, that if
the positive electrode swells, then it will be compressing something. Something
must be compressable. The something that was compressable is the separator.
Now it is very simple to show that if you thicken six mils. on the positive elec.rode,
you thin the separator by six mils. and there is a one to one and this automatically
will take some volume, an equivalent volume out of the positive — out of the
separator, and redistribute it into the positive electrode. Now, that means that
when you analyze that particular cell, you take it apart, you find less electro-
lyte in the separator, so that is one of the things. Now we nkow that it does swell.
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Jim Dunlop and Jose Guena (?) had a paper on nickel hydrogen cells in the
Journal of the Electrochemical Society at the beginning of this year that showed
some numbers of thickening that were almost double, 50 percent to double on
vacuum impregnatzd materials,

All right, so now we have one of the three mechanisms operating to cause
electrolyte redistribution. How do we solve that one? You have mentioned it.
The electrochemical impregnation of the positive electrodes and we gave a paper
on that also at the IECEC last year, 1974, that treats of how the plates are to be
impregnated, that there are certain upper limits and if these are followed, then
the amount of expansion that one sees on charging and discharging of those
electrodes, is rather small. I think Scott in his degradation work for JPL reports
that type D and F, which were the TYCO and the Heliotech impregnated plates,
both had a very small amount of thickneing, something on the order of two per-
cent compared to double digit numbers, for vacuum. The reason, corrosion. It
is another subject to talk about.

Now, also in that paper in 1973, that was presented here, I spoke about
degradation of the separators, and that wasn't anything original. It was taken
from the Bell Telephone Laboratory work and also from Comsat where they have
shown that there was degradation and we have seen an excellent treatment of it
this morning showing quantitatively that you do get the ammonia and sometimes
when you open a failed cell you can smell an ammonia or an ammide type ma-
terial, so Dr. Lim showed us the effect on precharge and the change of carbonate
with the degradation of the separator. Now polypropylene a; parently doesn't
degrade. We don't know about asbestos. It may not. Potassium titanate may
hold up, so we have at our fingertips things we can work with, incluiing poly-
propylene, and as an aside, this morning I asked Tom Hennigan a questicn about
polypropylene in his data and how much electrolyte he actually had in that cell.

I believe the cells with polypropylene, if my numbers, if I recall correctly,
require a little bit more electrolyte than cells with the 2505, something with the
GAF WEX separator requires a little bit more electrolyte. On the other hand,
we found that there was somethiag like 24 milliliters, whereas the cells with the
nylon had 26, so the data is biased at the time of manufacture against a separator
and we are testing the nylon and the polypropylene in two fashions. Fine, so we
can take care of the second cause.

Now, the third item that I mentioned in the 1973 paper was the entrapment
of air and I traced it right down to the negative electrode, and this morning I
heard some additional evidence on entrapment of air. I think it was Stan Krause
who I am responding to. I had understood him to say something and I repeated
it in which if you have a cell without the teflon, you found a certain amount of
electrolyte new in that negati 7. electrode than if you cycled it and took them out.
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You found an increase in the amount of electrolyte. This says that more electro-
lyte is going into that. What s it replacing? Is it replacing active material or
is it replacing possibly air that had been there and then taken out? There is
only one way to really shut the door on air entrapment and that is for somebody
to find argon in the cell because argon would come from the air that would be
entrapped.

Now, I am trying to find that. I had no means of checking it myself. I
can't get any positive evidence of that, but you also pointed out that when you
have the teflon around it, that the amount of electrolyte in the negative eleci.rodes
stayed constant. Now we have something with a different kind of characteristic
and I haven't had time to clear it all through, but it appears that you are stabiliz-
ing something with the teflon. I would also like to point out some other infor-
mation that was given to me by Tom Hennican, that some cells with extra electro-
lyte in them were cycled at «. 10 percent cepth of discharge, 20 ampere-hour cells
for close to 3,000 cycles and there was no cadmiun migration, and this was in-
deed done with a cell in which the total voids in the pack, that in the positive,
that in the negative, that in the separator. Those total void volumes contain an
electrolyte about 95 percent of that void volume.

I think I have covered most of these things and I would like to see some of
it worked on. You have asked for a research program, Stan, that I think we have
done a lot about, that we have actually researched, and it is not in your cell. Let
us give that some consideration.

WROTNOWSKI: Wrotnowski, GAF. On the redistribution between the plaque
and the separator, I have been very impressed with the capillary, let us call it
strength of the plaque because of its fine cells, and to get them to be balanced
the separator would have to match that capillarity or it would be starved forever
and that is not impossible, but that is my reaction to your distribution problem.

KRAUSE: I think if you prevent the wetting of the plate, the excessive
wetting, such as teflon does for the negative and you go with an electrode deposited
positive plate, and let us say you had a reservoir in addition, you can keep that
separator fairly well saturated.

WROTNOWSKI: But on the automatic, simpler syste::. if they were both —
had the same, say, working height, they would then have the same capillarity and
it would be an easier thing to stop the polypropylene from starving.

KRAUSE: Yes, it would be, but I am expressing my personal approach to

the problem would be that I have been working with nylon, with the Pellon 2505,
for 10 years. I know what it will do and I know what it will do over a long period
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of time. I don't want to introduce another variable in trying to achieve this
flooded condition or to achieve the proper electrolyte balance by going to a com-
pletely new separator.

SCOTT: Besides, you can't completely flood the separator or you won't
have any oxygen transport to keep the pressure down.

DUNLOP: I would like to make another comment along that line about
some data that was obtained for us on the positive electrodes, conventional
positive electrodes loaded with a normal saft or G loading, when they expand,
we reported — everybody has observed this expansion. The one thing that
hasn't been reported yet to date that I know is in addition to expanding there is
a significant change in their micropore structure and what you find out is that
on the expansion of the electrode, you do have a micropore measurement, you
do find a significant increase in the micropore structure of that electrode in
addition to the expansion. It is rather interesting because what happens is in
addition to that electrode expanding as you were talking about, it also has a lot
higher micropore structure which sucks up a lot of electrolyte and I don't think
very many people know that to date. It is a rather interesting fact that has come
out of some of our studies onthe conventional Saft electrode or conventional
GE electrode. I will tell you, when you go the other thing about it, just talking
about your electrochemically impregnated electrodes, they don't expand as much.
That is for sure, and the other thing, you do get better utilization so you actually
can take an electrode, electrochemically impregnated. That is 30 percent less
active material pe~ cc of void volume, and you obtain the same ampere-hour
capacities that you do on conventional electrodes with 30 percent more loading.
That is our experience with the nickel electrodes and nickel hydrogen cells.

The other factor is you take a conventional Saft electrode and underload it
which means you only impregnate it with two or three cycles rather than a con-
venticnal seven cycles, you get about 60, 70, 80 percent, Jepending on how many
impregnation cycles you use. If you do that, you find that it can run that electrode
with 3,000 to 4,000 cycles with no expansion, so one of my conclusions is that
nobody who builds a nickel cadmium battery today, whether I am talking to GE or
Saft, or any of these guys who represent TRW or Hughes Aircraft, have been
making nickel-cadmium cells properly for synchronous application. Now I am
not going to talk about low-earth orbit. I think the same thing applies to both
because they are overloading the electrodes and this goes back to some concept
about commercial electrodes which doesn't have a damn thing to do with aerospace
electrodes and they have just been overloading electrodes for years.

The people who have recognized that fact for years have been Bell Labora-
tories, a long time ago.
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BOGNER: I would lik~ to add something to that, Bogner, JPL. I just happen
to have a little curve here similar to what you were talking about.

DUNLOP: We had that.

BOGNER: Somebody was asking why didn't the government fund some re-
search? Well they have, through the years, and this is a little piece of informa-
tion thta came out. Unfortunately, it was never followea through to maybe a good
conclusion, but this shows how you can load the plate. The squares show how
much material will get into the plate, the capacity on the right side of the graph,
and it shows that as you go up you get more capacity in the plate as you load it.

(Slide 67)

BOGNER: Someplace up there after you get out past 10 impregnations, it
is going to go down on the other side, but then looking at the curve with the circles,
that shows a material utilization. This is for one type plate, one thickness of
plate, and I think we need that kind of data for diffe::ent thicknesses of plate.
This is a new plate data. You need that data for cycled plates and you can find
out what kind of efficiencies you are getting and now it is dropping off and you know
something about the loading and you know something about the pore size. This is
for the negative electrode. I don't happen to have one for a positive electrode.
I assume maybe Jim does.

DUNLOP: No, but I think the point is the same on that one. If you run an
electrolyte redistribution, you start attacking problems where you can avoid
the things that cause electrolyte — which was what Seiger was talking about and
one cf them very obviously is to stop trying to stuff 10 pounds of sausage in a
five pound bag which is what the battery manufacturers have been doing and it
is not the battery manufacturers that do it. It is the aircraft manufacturers that
asked for that kind of battery design.

BOGNER: We are using aircraft plates.

DUNLOP: Right.

BOGNER: We are not designed for high rate cells. We are usually in the
synchronous orbit using it for low rates, so we could possibly go to the thicker
electrodes.

HALPERT: I would like to make a comment with regard to supporting
Sam's work. I have a free piece of data. I don't have it on a slide right now

but I have it in a briefcase that shows the suriace area impregnation, 1, 5, and 9
and it shows that impregnation 1 is something like 19 square meters per gram.
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Impregnation 5 is 25 square meters per gram and impregnation 9 is down to 23
square meters per gram which means that we are getting to the point where when
we continue to load, we are clogging up the pores. It is obvious that we just can't
get to the active material in there. It is only three points, I recognize, and it is
on the positive plate, but it certainly supports the same kinds of things we have
been talking about.

Now, I will just mention one other thing in support of this also. I am con-
cerned when I talk to the manufacturer :.ho tells me that the only way to measure
the thickness of a can with a cell, after the cell has been cycled, is to leave the
restraining plates on because if you remove the restraining plates the cell bulges
and that means to me that there is something going on that he is trying to do that
can't be done. He is obviously putting too much in and he is getting too much
expansion and thta concerns me, so it is along the same lines that we are speaking
of.

LIM: I would like to ask a ques*ion concerning the electrolyte distribution
and oxygen transportation through the cell. I heard a lot of discussion and in
terms of the part of this discussion about the separator materials in the cell, as
a newcomer, relative newcomer in this area, I didn't hear anything about the
physical texture of the separator. Does anybody have any information on that or
comment on that?

FORD: Yes, I see a hand way in the back.

LYONS: Gary Lyons, Howard Textile Mills, In answer to that question
and the previous questions, that can be accomplished. If it is desirable to
improve the flow of the electrolyte. There are many mechanical means on
hattery separator materials that can accomplish this. The material can be made
30 that it can shannel the flow of electrolytc in the direction that is desired and
that may also help keep this bulging effect that we are speaking about down be-
cause there cculd be room for the electrolyte to travel within the channels of
the fabric and this can and has been accomplished in the past.

SEIGER: I would like to ask Dr. Lim’'s quecstion. There is a paper from the
meeting of the section of the Electrochemical Society written by Dr. Tom King
of Canada in which he treats the air permeability and some of the characteristics
of their separators. Interestingly enough, he cid that work with polypropylene
and the Canadians have been flying polypropylene and I believe that there are
some others that have been flying polypropylene too.

LIM: What year was tha.. .0 you remember?

SEIGER: 19707 I believe it is 1970.
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WROTNOWSKI: Wrotnowski, GAF. As a direct answer to your question
on pore size, GAF makes filter media and we have developed a mathematical
pore size to predict pore size using denures (?) and the assumption is that all
fibers are straight and parallel and then you can calculate the pore size and
we do use this quite successfully, and can predict, in actual fact, straining of
particles using fiber diameters, and produce related to structure — paper as well,

SEIGER: I would like to get back to the discussion that Sam Bogner and
Jim Dunlop were on with the impregnation of the positive electrodes in which
they were getting utilization in talking about overloading. I had a very interesting
little experiment run in which I measured the electrical conductivity across the
face of a plaque just as Dr. Scott has done, and did that during an impregnation
and we did it cycle by cycle and let us say that when I get a change in the electrical
conductivity measurement, that I could say I am not starting to get corrosion. I
went from four impregnation cycles with a vacuum process with essentially no
corrosion. When I went to No. 5 and No, 6 I was getting an awful lot of corrosion.
I just didn't know what I was weighing. I don't know how much of the scinted (?)
I oxidized. I don't know how much it was weakened, but those plates indeed did
shed and blister.

BAER: Baer, Goddard. Stan, you are saying about putting more electrolyte
in the cell may back off on the loading, Last year Floyd gave a presentation
where he in a 12 ampere-hour cell and —

KRAUSE: That was the IUE cells, right?

BAER: Yes, and he put 51 cc's in it. Okay, we have gone back 2. -
that on two of the plate lots. We backed off on the loading 10 percenta « v
46 cc's in them and we probably could have gotten - ,re in them except: .+ nhad
third electrodes, well some of the cells had third electrodes and they were stor
ing to swamp. Now these cells, even with the reduced loading, they still
delivered — 12 ampere-hour cells, still delive.sed 15-1/2 ampere-hours anu
was at room temperature measurements and also at 35 degrees C. The unly
place there was something a little funny was the cold temperature capacitizs
and initially we didn't do too well there but then after cycling it picked up and
we got up in the neighborhood of 15 at 10 degrees C. alter 10 cycles, so you can
put extra electrolyte in and unfortunately we don't have any life data on that yet.

GANDEL: Gandel, Lockheed., Floyd, when you adjust the electrolyte

in the cell what care do you take to exclude air from the at.mosphere? Just what
ir your technique ?
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FORD: I don't adjust the electrolyte ir the cell. I buy cells where it has
been adjusted and that is one of our fundamental concerns about the care that
could be exercised or the degree of care that could be exercis=d to preclude
contaminacion and also how repetitive it can be. One basic contention . have
about building flight cells, you fill the second ones like you build the first ones.
If you go through three electrolyte adjusttiyayf< on the first group of cells, you
had better damn well be prepared to do it three .. mes on the second group be-
cause if there is one thing that makes a difierence it is the lack of reproduce-
ability and the way you put cells together.

But there are steps that have been proposed amd implemented where electro-
lyte adjustments do take place. I quite frankly do:.'t Vike it, but I am not suggest-
ing the technology is not within our zrasp to do this if it is proven absolutely
necessary. Quite frankly, it is an extra step. It costs manpower. L. costs time
{o do that. If you could get that without doing it it would make the process a lot
simpler and therein I think lies some of the fallacy. The simpler the process
can be I think the better the cell is going to be. Perhaps a manufacturer would
comment on that. I can't, not directly, to answer your question.

PARK: In speakin ' of the flooded cell, what — how many cc's per ampere-
hour were you thinking of ?

KRAUSE: Ididn't have a number in mind. I guess I am thinking along the
lines that Dr. Seiger has suggertad, essentially having the plate pack almost

saturated or nearly so, removiig entrapped air if it does exist. Not necessarily,
but if it does, I don't have 3 number in mind.

PARK: May I ask, on the trapped air, does a vacuum filling fail to remove
the air?

KRAUSE: Do you want to answer that one, Harvey ?

SEIGER: I am sorry. I didn't hear.

PARK: Does a vacuum filling fail to remove the air?

SEIGER: It sure can fail. It would have to be particular with the way you
go about it and you can even eliminate the air v#lhout a vacuum. The:c i8 more
than one route.

KRAUSE: Yes, some of you may be fan iliar with the silv. . zinc cells

that have been built at one time or another. You take silver zinc cells at ESP
for example, and you fill that thing with electrolyte. In fact, you have a chim:.
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on the top and you would run that thing flooded, run through some formation cycles,
take the excess electrolyte, dump the cell over until it stops dripping and off you
go and they were highly saturated in that manner. Maybe a ni-cad ought to he

built that wayv. I don't know.

HENNIGAN: Since you mentioned the silver cell, let me say a few words
on that. I think the biggest mistake we ever made in the space program was how
to charge the cells when we floodeu tnem and we came up with a charge control
method that would work. We did the same with silver zinc, but when we got up
to — let me say a few words  Harvey, quoting some numbers, I don't think I
said them, but there was one cell up there with 26 cc's. That was the top. nylon.
That was — we ran that one four years ago. We had a lot of trouble ruuning that
cell. How many cycles did we nave to go, 100 or so before we got the pressure
to come down?

Then on the second go around we put in 22 cc's but a lot of the polypropylene
cells have 24, so they were not less than the nylon. The other thing was those
cells we did run that time were in the 20's. What was that separator, 21407?

KRAUSE: Yes.

HENNIGAN: Remember that separator? You said how great these cells
ran after 3,000 cycles and 40 percent depth. Again, they were very tii.ad and
they expanded like balloons and those cells were taken apart and the separator
was extren.ely dry. It was the dryest part of the cell.

SEIGER: And thickened positives ?

HENNMIGAN: I don't rer. :mber the number there.

SEIGER: That was the reason.

HENNIGAN: They had expanded so much that —

SEIGER: Pardon mc?

HENNIGAN: 1 Jon't think that the positives would have squeezed out the
electrolyta.

SEIGER: That was also RAI material.

HENNIGAN: The cells woie getting larger and larger.
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FORD: Okay, now, I think one more and then we will come back to the panel
and then we will keep going, okay? I would like to keep the panel going.

ROGERS: Howard Rogers, Hughes. I would like to ask Harvey Seiger a
question on t' -. cacuum filling, that if you pump the cell out you get the pressure
wz_ down, I uc.a't see where the air could stay if you have a decent vacuum pump.

SEIGER: I agree. Now what?
ROGERS: Why does 1t trap air? I guess that is really my question.

SEIGER: Al right. I was asked that question at the Electrochemical Society
meeting last year and I will repeat the answer to that. You now have pumped it
out and removed the air from the cell. You now inject electrolyet into the cell
and it will fill all of the pores very quickly. However, if at the instant you put
that in you brezk the vacuum to permit air to get into the gell, you now have two
things, highly viscous electrolyte looking for those pores and air which is not
viscous and so you have this competition and it is in this way that even though you
use a vacuum you do not necessarily have to get all of the air out.

Let me also talk about another experiment that I reported on here two years
ago in which I had taken electrodes, negative electrodes, dumped them into electro-
lyte, pulled the vacuum after they were wet, and we had a quantitative measure-
ment of how much air was entrapped. We compared that, incidentally. We pulled
the vacuum. Now we compared that to another group in which we pulled the
vacuum first and while that vacuum was broken we added the electrolyte and
did not permit the air in and I hate you because I have just revealed one of my
two methods.

FORD: Okay, but I would like to bounce back. My panel is losing interest
here. Let me get back to the panel and then we will go back and forth a while.
Gerry, do you want to take the next one ?

HALPERT: I would like to say that we have made sigpificant strides over
the years and just listening to the discussion now brings to mind the fact that we
no longer are just looking at voltage and pressure to say whether a cell is good
or bad. We are talking about impregnation and we are talking about loading and
we are talking about plaques and pores and so on, which certainly is of help, but
I think in my dealings, certainly, in looking for, in looking at cells for a space
use and putting them into battery packs for flight missions, I find the difficulty
continues to come up that we haven't made the lots — one lot of cells the same
way or multiple lots the same way for the same requirement. We have a docu-
ment that says we have — we have an MCD, so to speak, that has been made to
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the so-called, quote, ""Goddard spec." that we said before, and we have a lot of
controls that we try to exercise, but when we take and we put in a purchase for
a lot of cells or we put in a purchase for cells, we may get one, two, three ship-
ments of lot one, or one shipment of lot one, one shipment of lot two, one ship-
ment of lot three, and no matter how you cut it, none of those are the same and
so you end up putting three different, essentially three different batteries on the
same spacecraft and having to tune the power supply to it, which is not always
the best way to go.

So what concerns me then is the lot to lot variation and then I go back and I
listen to our discussions here in the meeting and we are talking about vacuum
and impregnation and we are talking about electrochemical impregnation but we
still haven't really characterized or at least said, "This is the plaque we are
using to start with. This is the pore volume of that plaque,'" or "This is the
porosity," or "This is the average pore volume." We haven't talked about the
impregnation or the loading per cc of surface area. We have mentioned all of
these terms but until you start characterizing a particular cell on the basic
materials, unless you start using that as the criteria, we are still talking about
lot one and lot two and lot three and they have no relationship to one another. I
am not sure how we go about this because all of the basic processes are proprietary
and I can understand the companies wanting to maintain their proprietary nature.
On the other hand, I think we have a great need for producing a plaque in a uniform
way and saying, "This is the plaque we are starting with on point one. This is
what we are going to load to in grams per cc of void volume, No. 2, and this is
the result of that. Now we are going to assemble our cell. We know how much
the expansion is going to be and we know what the electrolyte distribution is,”
but until you go back to the beginning and make uniform the original product, the
plaque material, we are going to have problems so I think one of the things that
we should be looking at for the future, certainly, in a program, is to make a
uniform plaque in a reliable way, a reliable and reproduceable way, and that is
going to take some doing.

GANDEL: Gandel, Lockheed. Gerry, my only suggestion is I think you
ought to have a uniform cell program instead of the standard.

HALPERT: Right.

FORD: Another question?

ROGERS: I would like to ask Gerry a question. Rogers, Hughes. I guess
wouldn't it depend what you want, wouldn't it depend on the plaque being of uni-
form quality, breaking strength, et cetera, porosity, it would have to be identical

each time we made the plaque and is that expected to come out of each manu-
facturer the same way? I would be very surprised if it did.
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HALPERT: I would certainly not expect company A to make the same
plaque as company B or company B make the same plaque as company C.
Obviously they use different methods. All I am saying is that it ought to be
in some kind of control so that when they do it again the second tirae or when
the impregnate the second time they ought to have some control, and I am con-
cerned about this. Now maybe what I was trying to do wa:i throw you something
loaded. I was trying to have you tell me that you don't nzed this. I was hoping
that somebody would get up and say, ""You don't need a uniform plaque. You can
take a plaque of any porosity as long as you know the pore volume and you can
load it to the right amount and get the right efficiency and get the right loading.
You may not get as much loading in a plaque that is not as norous. Maybe you
get something less than you want but it still can be done and it still can be done
in a uniform way." Is anybody going to tell me that? I would like to hear it.
Maybe some people have some ideas on that.

Because it is obvious — I will just make one more comment — it is obvious
that Bell Labs has made something different than everybody else has made. They
have made a positive plate that is maybe thinner and more heavily loaded and
a negative that is thicker and more lightly loaded and they get the kind of per-
formance that they need for their particular long term standing on a pole opera-
tiwvn. We have a different kind of requirement and if we know what we were going
to start it with then maybe we can also develop it toward that end.

DUNLOP: Well, I would like to make a comment. First of all, in these
cells that we made, these nickel hydrogen cells that we made for Fred Betz, we
had them made by Eagle Picher using the Bell Lab process and fortunately, we
were able to use their procedure which involves using their controls which in-
volves having a control on the plaque based on a sample that is taken periodically
and a measurement that is done to determine all of the things you are talking
about and I don't know of any aerospace battery that we have gotten from an
aerospace company that is done this same way but there is a major reason and
the question is, the real question that you are asking seems to me not the one
that you asked, but the way Bell Laboratory does that, or that Eagle Picher does
it for Bell Lab is on a small private production run where they have got a lot of
people plus a lot of money and it supposedly can go into a production basis some-
day but right now it has got to be a relatively expensive process and all of the
major aerospace batitery manufacturers are the major nickel-cad. suppliers
which use major large production facilities which have plaque producing processes
which don't lend themselves to the type of control you are talking about.

HALPERT: You are saying plaque-making is expensive, the plaque-making
step itself is expensive ?
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DUNLOP: The question is whether you want to build, have somebody build —
whether you want batteries made by a standard company because you can't —
you are not going to convert GE, I don't think, to a different type of production
process, not unless you want to pay for it.

KRAUSE: They might not want to do it even if you want to pay for it.
DUNLOP: Right.

KRAUSE: They might not be interested.

DUNLOP: Absolutely.

KRAUSE: I happen to agree with you that -

DUNLOP: I am just trying to bring out what the question is. I am not
trying to debate the fact of whether GE wants to do it or not. I am just pointing
out that their facility that they use to make batteries, the commercial production
of plaque which is used to make aerospace cells is not set up to meet what you
are asking for. It is not really a matter of whether you can do what you are
asking for. It is a matter of practicality of making cells that way and that is
the real question you have to address yourself to.

KRAUSE: But, for example, there was a company recently who set them-
selves up in business to produce limited quantities of very high quality plate and
nobody beat their door down, unfortunately.

DUNLOP: That is right.

Why don't you comment on that since you are one of the major users of
those batteries ?

KRAUSE: We in the past have talked to battery manufacturers and strangely
enough, we have gone in and said, '"Your stuff doesn't cost enough money." If you
look at the overall cost of battery cells that you have to buy for a satellite, the
cost of the cells is really insignificant.

DUNLOP: Right.
KRAUSE: It is really cheap. And we have had spacecraft managers say,
""Gee, if those things are really cheap, why don't you get them built better ?"' and

you go to the manufacturer and say, '"We will give you double the price for that
cell. Instead of $200 a cell, we will give you $400 a cell, but we want you to
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build it the way we have been building it. We have got equipment tied up and
processes and money and we don't want to make any big changes."” They are
commercially oriented and so I agree with your .omments. I would like to see
more high quality limited scale kinds of production but it does cost more money.
The manufacturers perhaps feel that they might not be priced competitive if they
get over into that kind of mode.

PICKETT: Okay, since the Air Force sponsored recently a program with
a small company to manufacture exclusively aerospace cells, I feel we are probably
one of the most competent to comment on this, 8o I will put my two cents worth
in. It is true that you are not going to attract very much business with an ex-
clusively space line. The Air Force has realized this and because of this we are
planning to go out with an RFQ which was mentioned in the Commerce Business
Daily, the July 15th issue and we have had some responses to that, but I will
just say this, that we feel that anything like that to be attractive is going to have
something other than just exclusively space, and I think we are going to aircraft
production as well because we also need aircraft cells which have high quality
and we also need electrodes for nickel hydrogen cells which have high quality
and because of this the Air Force is taking a step forward in this matter and I
hope this offers some help to the problem.

FORD: Lee Miller?

MILLER: Miller, Eagle Picher. As back up on Stan there, there is one
battery manufacturer that will gladly change its process if you want to double
the price of the cells.

HALPERT: Dave, can I ask you a question? Are you saying that we are
going to have a sole source for aerospace cells, that we will go that direction?

KUYKENDALL: I am not saying that at all. I am saying that what we are
doing is we are going to sponsor a manufacturing technology program for the
manufacture of electrochemically impregnated plates for both aircraft and
spacecraft cells, and it will be a competitive procurement. It may or may not
be sole source. The technology is owned by the government and anybody can
use it that wants to as far as that goes. We are just taking the initiative in
sponsoring the program.

HELLFRITZSCH: I am afraid I can't sit here and not make a speech.
Hellfritzsch, formerly of the Naval Ordnance Laboratory some 28 years, now
retired. I do a little consulting in batteries trom time to time. What I am about
to say is what I said a generation ago. When I come back to meetings like this,
my comment is that they haven't progressed. Now there are several things that
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are just ridiculous that are being stated around here. I am just going to make a
number of assertations. I am not going to mention any company's name. In the
course of working as a government employee I learned a lot about a lot of com-
panies, and have not always preserved their proprietary secrets. On the other
hand, I have often been amazed how three or four different companies making
the same battery consider the same process prcprietary with them, and that is
the truth.

I also got to know companies well enough to know that they really don't
know exactly how they are making the batteries at any given time, and the best
proof of that, you see, when a company, a big company that is making a com-
mercial product at a profit wants to set up a new client. If they go into another
country it is even worse, but they write down. They put on drawings, they write
and they design buildings and production lines and all of the instructions that they
know how to do, and what happens when the plant is built? The; try to make
batteries and they are no damn good and what finally has to happen, they have
got to take two or three of their best engineers and send them over there to
that plant and keep them there for at least six months before they can make good
batteries. In other words, they do not know how to write down what can be fol-
lowed by any intelligent engineer in engineering terms, purity of chemicals,
processes, and the quality control methods, and then when you get into powder
technology, of course, you are pushing the technology of quality control to powders,
for example, and compressing powders. Progress is being made. I looked into
that about 10 years ago and I am sure they are further ahead now, but there are
things it is hard to inspect for and know that you have got it the same way.

On the other hand, this is the only way that you are ever going to achieve
what Halpert wants and that is what we wanted. We had Navy mines. Now when
you talk, when I hear him talk about, "Oh, we are happy to have three different
companies or any companies just as long as they keep repeating what they make."
You don't have the kind of production. You don't need this thing. The Signal
Corps had to do this kind of thing because there aren't enough dry battery com-
panies to make all of them. They need all of the capacity in order to make the
flashlight cells and all of their ramifications and hence they have to accept dif-
ferent qualities and they put down minimum performance levels and whatnot and
let each one make it the way he can, hopefully getting the performance that they
want, but you want something more than that, just as we do in mines and the other
things that again, similarities are great. I mean in ordnance, Navy Ordnance,
we buy batteries to store them and the Defense Department, by and large, except
for maneuvers and whatnot, they don't buy batteries to use them. They buy them
to store them and have a stockpile. With the snap of a finger if there is a war
you are ready to use them. We would like to store them for 20 years if they are
stable enough to store.
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Now, the thing that will make the difference between the battery that will
store 10 years and 20 years will be some minute differences that the commercial
field isn't at all interested in because the commercial user buys batteries to
use them and he uses them up in six months, and now when you talk about some
of your 10 year programs and five years flying and whatnot, you are getting into
the same sort of thing that we had, While you are using them, you are using
them under conditions where you are interested in, it is very important that they
last for five and 10 years, and nobody in industry has ever been geared to that.
It is a waste of their stockholders' money for them to study these things, and I
think you have got to face all of those things clearly and the remark somebody
made back there, you don't want a standard battery, you want a uniform battery
and maybe not just one. If there are several kinds of operations one may be a
high drain battery and one is a low drain. They are probably going to have to be
made differently if you are going to optimize the construction, but what you need
to do is spend whatever money and effort and if industry won't do it, I mean, the
DOD has done this before. I mean, industry didn't make cannons and guns. The
gun factory made the cannons and the metallurgy that went into it, it is not my
field, but I am sure they had to do some of their own metallurgy to get it by some
hook or crook, that industry wasn't particularly concerned about, learn how to
do it, write it down, and teach anybody if you can't do them yourself, teach some-
body else to do them, and I mentioned this morning, just in passing, on this
manufacturing drawings and all, the complete disclosure and whatnot, you are
content to have the companies say, '"We have got it all written down and we are
going to keep doing this over and over."

They don't know how to do that. We know that when they tried to set up
another plant, so forget about that. If you want a disclosure and you want to
know if it is any good, you have got to validate that disclosure and the only way
you can validate a disclosure is to give it to a bunch of competent engineers that
don't know a damn thing of what went into the drafting or that and pay them to do
it, and if they succeed you say, '"Well, I guess we got a pretty good one."

Now we did that with thermal batteries. Ulrica (?) Williams did a complete
job for us on disclosure. Pat and I went out there and spent two days there and
listed about 50 things that they didn't have in there, so then the boys went out
there and got all of that in and then NAD Crane went in and said, ""Well, we could
build them cheaper," and they never built a thermal battery in their lives. Well,
this was excellent. We gave it to them. They built 1,000 cells and they were
good. They followed the disclosure and unless you do that with a disclosure, you
don't know whether you have got it or not. You can do it yourself if you want in
government and if it gets acute enough anyplace in government where you really
have to have these things, then if billions of dollars worth of satellites are in the
throw, or the defense of the nation depends on it critically, why then you are just
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going to have to do it, but a lot of these things, I mean this kidding around here
where people don't want t« say something like this polypropylene is, '"Well, we
found out it is two mils. thick," but they won't tell us what the density is or the

porosity is.

Now this is a bunch of proprietary hogwash because I got hold of a piece
and I could measure these things, you see. Now the thing that is proprietary
about it is the technique of making it that way, not what the final product is,
so I think industry ought to be a little objective and not just use a lot of descriptive
adjustives and not give the quantitative numbers. You don't give anything away,
and far too many things are considered to be proprietary. I mean, there is a
big difference between here and Europe. You go over to England to the battery
conferences you realizes, ""Hey, they tell a lot more than anybody here tells
at a battery meeting,'" and if you go into a plant and have the confidence of the
chief engineer there he will say, '"We have only got about two things here we
are not going to tell you. Anything else we will tell you all about," and there
will be only two or three things that they know are really proprietary. This
business of batting this "proprietary" thing around, it is either to cover up
ignorance, meaning what we don't know, and if you don't know the best thing for
the whole industry, government as well as themselves, is to come out and say
we don't know and then let us find out how it should be done because without that
you are not going to make any real progress in a scientific way.

Going back to NASA when Walter Scott was here and we got all of these
nickel-cadmium batteries in and you know, we ran a testing program at the Naval
Ordinance Lab. He wanted me to test their batteries because he knew we had a
pretty good crew to do it. I said, "Well, how are they going to be made ?" "Oh,
well, they will be made according to a performance spec.”" '"Are they going to be
made all different ways?" '"Yes." "Well, I don't know what you learn by testing
if you don't know what it is you are testing." That has been my philosophy. Then,
I knew NAD Crane had a group that could do it. They build these other batteries
for us. They could follow instructions there. They can test batteries, and that
is how the program got started out there. See, you have got tons of data but you
still are not any smarter, you see.

Now, as you accumulate these decades of data, we begin to realize, ""Hey,
they are no longer making them the way they did." We don't know how they made
them then and we don't know how they make them now. This is not science.

This is -- you talk about the blind leading the blind. My good friend Parks there,
when he said, no, that is the way it has got to be, I mean, you are going to have
to pay industry and they will do the best they can but they are not going to tell
you, we cannot tolerate that attitude in the kind of business you are in or the kind
of business that the Navy is in in critical ordinauce batteries. Thank you.
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MILLER: Idon't feel as much at home as when1 first arrived here. As
far as this proprietary business goes, I don't see how it can be avoided in a
competitive set up. Now, if you want to set up a government battery manufac-
turer, then I think you can have all of the details.

MAURER: Maurer, Bell Lab. I might make a couple of somewhat un-
related comments. First of all, on this question of writing a disclosure and
having a second firm discover when he sets it up that the battery doesn't work,
we have referred to that as a leather apron effect, so the second firm proceeds
to find some of the problems with the first disclosure and gets a battery that
works so he writes a new disclosure which presumably eliminates some of that,
Now you give it to a third manufacturer and he goes through the process all over
again so gradually you weed out the leather aprons, so I might suggest that
NASA plan to finance something like 10 or 15 battery companies in series to
find out how to make them completely and weed out all of the leather aprons.

HELLFRITZSCH: There is nothing elite, really, about this. I mean
round robin testing when you have samples of steel or salt water or whatnot,
where it is difficult. You are pressing the technology on how ('o we analyze it
in order to standardize the methods of measuring things. Laboratories have
cooperated before and sent the samples around and you find out som~ people
just can't do it. As a matter of fact, the Germans and the United States were
off I don't know how many microvolts in the standard volt one time and Dr.
Vanell (?) had to spend a whole year over there to find out what the difference
was. I mean scientists can cooperate when they are seeking the truth. Now,
if we are not going to be scientists about this, then forget about it. Anything
I said, I was thinking if we have a scientific technology here and there are many
things we don't know and we are all striving to learn about them and unless we
do that -- other nations may do that better than we and in the long run they are
going to be ahead. I mean, if we just keep what little we know from each other
because of some economic lever and others don't do that, in the iong run they
will be ahead of us technologically. I mean it is as simplc as that.

PARK: I am still in favor of free enterprise. I want to speak my peace
and I did,

MAURER: My second comment was on Harvey's question of air in the
negative electrode and why doesn't it come out when you pull a vacuum on the
cell. I refer you to vacuum technology and the fact that this electrode has very
fine pores. The pumping speed of those pores is very slow and it turns out that
if it would take you the time constant of these pores is roughly 10 to 15 minutes,
you would have to pull your vaccum, a high vacuum for that length of time in
order to get all of the air out of the plates. My third comment is related to Jim
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Dunlop's comment about our facility being a pilot scale operation and I would
just like to note that we still pay less for our cells than you people do and the
third one is on Gerry's question of screening electrodes by weight. I think you
do have to go back to the plate because there is a variability in plates and the
way we do this is to take samples periodically along the plaque and require that
the weight gain on each section of plaque falls within the same values. But the
total plaque weight, of course, is different. The total electrode weight is dif-
ferent. It is going up and down with the plaque going up and down, but the total
weight gain remains the same.

The problem you might get into with that kind of a routine if you are using
heavily loaded plates is that the porosity has dropped. In order to get the load-
ing you want you are now using up too much of the void volume and the plate will
then swell unless you use electrochemical impregnation.

PARK: At any rate, I have been involved in the government quite a bit
during the war. I got started in the Naval Ordinance Laboratory before Pearl
Harbor involved in the mines that Hellfritzsch was talking about and we did
pretty good service not only during the war but also in Haiphong Harbor and
there are two ways of doing it. One is to have the government do it and the
other is to have industry do it and they are quite different ways. Now, if you
have industry do it you at least have different groups competing and one of the
great things about industry is the people can go broke if they aren't any good,
and you eventually get some pretty good people left in it.

Now, in the government they don't do that too much. You are stuck with
what you have got and I know at the Naval Aircraft Factory in Philadelphia they
were making very great big beautiful planes and one of the exceptions, there
are places, probably, where ycu should have the government do it. I don't think
you have gt as much different approacl.es of things. The Russians aren't doing
so well because they don't have free enterprise, I think. They don't get the
variety of approaches. Now, I know Hellfritzsch has always been in favor of
government doing it, but I am not too sure that that is the best way, but they are
two entirely different ways I think,

KIPP: Ed Kipp, SAFT America. I feel someone has got to say something
in defense of the battery manufacturers. Nobody else seems to want to volunteer
so I will stick my head way out. I have been associated with the aerospace in-
dustry for a lot of years as most of you know, on both sides of the fence, and
most of the time has been spent as a battery user rather than as a battery manu-
facturer and from that standpoint I have got to say that the battery manufacturers
have done one hell of a job to satisfy the needs of the arroepace industry over a
long number of years. If you look at the record of batteries that have performed
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in space going way back to early ballistic missile programs, and the efforts
of all of the companies including Eagle Picher and Yardney in the early silver
zinc days, you have just got to look at that record of performance and say it
has really been tremendous and especially when you look at the percentage of
the dollar volume of the business that has been involved.

I think NASA might be taking a step in the right direction now. Before,
up until now, they have looked at controlling cell manufacturing processes as
far as cell assembly processes are concerned and the new spec., 74-15,000
they are now looking at trying o control plaque and plate making processes.
Maybe this is going to be the way to go. I am not so sure the standard cell
program is going to be all that successful, but time is going to tell whether or
not their approach now to plaque and plate control may pay off.

DUNLOP: I would like to make a plug for the free enterprise system,
since I have been on the other side of the track most of the time. We have
actually had very good results with the cells that GE has made us. In the last --
we do analyze. By the way, you are right. One of the things that has been sur-
prising to me in the nickel-cad. business is the fact that everybody puts a volt-
meter on the cell and never cuts it open to see what is inside, but the last few
years there really has been a good deal represented by the people in this con-
ference. We are really taking a look at what the degradation mechanism and
things of this kind are and it has been very evident, I think, by a number of the
papers that were presented earlier tc 1ay, and these types of analysis can tell
you a great deal about the cell and I think that kind of theme has been evident
from time to time throughout this conference today and the cells that GE has
been making for the Inosat (?) and the domestic satellite systems for Comsat
we do analyze because we want those satellites to work for seven years. Now,
we are a commercial enterprise, but we damn well want them to work for seven
years and Hughes Aircraft wants them to work for seven years and we do snalyze
them and GE has been making in the last three or four years a very reproduce-
able product for us. I don't know what they make for Goddard, but for what they
have been -- this is a good example of the guys making a pretty reproduceable
thing, but if you also note, something else that is being said here is that these
cells are going to work for six or seven years and that is about what all our test
data says and that is what our analysis is.

The problem you run into here is you are trying to -- this the other half
of the coin. You are trying to look at something that is going to work for more
than six or seven years. You are trying to look for something that is going to
work for 10 years. That is what I am interested in, and when I looked at that
I knew that there were certain inh:c'nt problems like that nylon separator that
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the guy says it is going to last for seven years and on our analysis it shows

that it is only going to last for seven years and in our test data it shows it is
only going to last for seven years, so we are looking for something s little bit
better and unfortunately, we are not getting it right now from any of the R & D
programs that are going on. Unfortunately that is the case, and wa. do see thines
like the work that the Air Force is doing and the work that Bell Labs is doing
that looks very good in terms of new types of electrodes. That is one of the
most interesting things, that promise you more lifetime and the question is, how
the hell do you implement that into this free enterprise system that is already
made up of people with set production processes? It is not so much that you
are knocking those guys. It is a question that you don't know how to implement
new technology that is coming along and one of the ways is to go with the new
small compsanies and that is what seems tv be going on here and that is where
the battle seems to be taking place.

FORD: I would like to come back to the panel now and let us pick up
perhaps another subject. I haven't been told what these batteries are all about,
80 who would like -- 8id, would you like to go next?

GROSS: Let me mention first a few relatively minor problems and then
a few more important ones. One of the minor problems is reconditioning.
There is a penalty associated with putting reconditioning equipment in space-
crai¢, especially small spacecraft and although there is a lot oi bits and pieces
of information on this subject there still is no composite gathering, collection
of all this information with any kind of attempt to fil. in the holes, so this is a
small subject that I think needs to be takewn care of.

Second small subject is life prediction. Every time we have -- many times
we have occasion to have to predict the lifetime and reliability of batteries that
we use and we are faced with the task that the data available is inadequate to do
the job. A lot of the data is old and many of us feel that today's batteries are
probably better than the older batteries that this rtatistical data represents,
yet we don't know how much better. We have no {actor that we can confidently
apply, 80 in the final analysis we end up doing a punk job on predicting life of
batteries.

8till, it is a minor problem. I would rather have good batteries that I
don't have any data on but I am confident of a real good than old batteries --
lousy batteries that [ have got good data on.

The third minor item is accelerated life testing. We have had todo a

variety of accelerated life test programs and each time we embarked cn there
we found that the information available to give guidance to tlLese tests was
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inadequate and we ended up concocting our own programs on the -- essentially
using our own judgment. Hopefully, the work that Hennigan is doing may give
us some guidance, but our hope is that that or other work is carried to some
conclusion so that we can get this problem solved and make use of it in the
future.

Then as far as the more important problems, certainly the most important
is the one that has ktaen talked about. Letter plates. We really have to get down
to basics and this is the res! problem, that for years we really have been ignor-
ing. We have been doing everything with batteries, everything except to really
make befter plates. All kinds of quality control, all kinds of data, working on
seals and -- but we really have ignored, I think, except in occasiona! spots here
and there, we have ignored facing up to the real critical subject of better plates,
starting, of course, with really good plaques and the right kind of ~laques and
porosity and the right kind cf loading.

Related to that is the polypropylene separator. We don't really know why
the polypropylene separator is not appropriate, why it doesn't work, and it may
be because the plates we have aren't right. We do have to eventually get away
from nylon. We have to start making polypropylene or something else work.

The second important subject is shorts. Shorts in cells, there has not
really been an epidemic of shorts in cells, but we have had then occasionally
and most everybody else I know of has on occasion had shorts and one short
will wreck one cell, can wreck one battery, which can wreck one spacecraft.
That is too much. I think that problem {8 really related to the problem of a
better plate. I think the plaques are not strong enough. The third important
subject is vibration. We have had -- we have run tests to find out just how good
cells are under vibration and in brief it looks like that if you are happy with a
two or three sigma success probability, or if you don't -- if you are not the kind
of a person that likes a good safety factor, don't worry, but if you like good
safety factors, you ought to worry about vibration, so we have Lad to make some
changes to come up with cells and batteries that give us the confidence we want.

But the real solution on the vibration proolem is essentially to get greater
confidence, to get greater capability, involves really going into the cell and
making some major changes.

FORD: Okay, thank you.

IMAMURA: Imamura with Martin-Marietta. There are about three or

four related {iems that Sid brought up and I wasn't going to bring up the topic,
but in terms of cycle life prediction, Floyd, and I think the rest of us, we always
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hunt around for data and of course you have to go to the old NAD Crane data,
Naval Weapons Center, I guess, and my thoughts were should Goddard continue
the testing at the five cell level, the 10 cell level? Waat kind of parameters,
on top of that should you be testing ?

I had a-suggestion on how to possibly make best use of the Crane data,
such as possibly going to a single cell, cell level, parametric type testing in
order for the data to be useful. One could go to, say, a 21 or 22 cell test and
you have a horrendous number of battery packs to test under various conditions
of temperature, but I feel that maybe we ought to seriously look at single cell
testing under controlled conditions, now, temperature, C to D ratio, of course
charge and discharge rate comes into play there but I feel that temperature,
depth of discharge, C to D ratio could be looked at seriously at the single cell
level from the standpoint of using -- try to make use of their data in the futurec.
I really think that we ought tc have in a document when each cell failed rather
than 40 percent of the cells that failed, and I think something like that is always
useful in t.ying to — you know, we are in a game of trying to come out with a
failure rate and reliability types, like some of us, for instance, would have to
take that data, translate it to the cell level, put it in some form of model and
try to predict it. There are an awful lot of ways to go, and I thought I should
get some discussion on that,

HELLFRITZSCH: Hellfritzsch. I think you have got to make one remark
in answer to that, though. It sounds like, well, everybody knows that you don't
test reliability of anything. You have got to design reliability into the thing, and
all you can do with testing is find out whether you succeeded or not, so I didn't
want anybody to get misled by reliability suggestions, I am sure, but that is the
thing you want to be careful of, whether you test one or you test 1,000. If you
are just testing you are not going to increase the reliability one bit. You have
got to design it and that is where you need the information which I am talking
about which we lack and what we really should do instead of what do we know
about batteries is let us make a long list of what we don't know about them that
we think we need to know in order to come up with a sound design and then set
up a program to get the answers to those questions,

MCHENRY: McHenry, Bell Lab. Has anyone tried making separator
material — not actually separator material, must take nylon 12 and see if it
wets and then if it does you chop it up in little shavings and see does it oxidize ?
Now nylun wets and apparently polypropylene doesn't, and nylon 12 has got a
little nammide group every 12 carbons instead of every six and it absorbs
something like one percent of its weight in water where nylon six will absorb
10 percent and I presume the ability to absorb water has a little bit to do with .
your dissolving and, well, nylon 12 is getting closer to polypropylene that nylon ;
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six is and I don't know if you can make a nylon 24 or something, but is there
another material that does not hydrolize so easily as nylon six does, that still
will wet? The Japanese make fishing nets out of polyvinyl alcohol and I presume
it doesn't dissolve in water. They have for years.

SPEAKER: It doesn't dissolve in sea water.

MCHENRY: Idon't know if it falls apart in KOH, but is there something
that will wet that will also stand up to the environment inside of that battery?
Has anyone tried to look around and see what kind of materials there are.

COHYN: Cohn, NASA Headquarters. Let me repeat a speech I made a few
years ago. I don't think we ought to be looking for a material for a separator.
I think we ought to be looking for materials for a separator. There is polyphenol-
ene oxide, polyphenolene sulphide, potassium titanate, which are three materials
I know that are KOH resistant. One of them has been used as an absorbant just like
a separator in fuel cells, The other two have been used for sterilizable cases.
I don't know whether they wet or not, but presumably a phone call to GE will find
out or maybe somebody here already knows, in addition to which, there may be
three dozen other polymers, organic and inorganic polymers that I have never
beard of, but I would like to say that if you are going to look for a better separator,
for God's sake, don't stop at the next one that looks interesting, but stop after
you have gone through them all to date and if you are going to spend some money
on having to test five dozen of them, it will be money well invested rather than
spending five years on polypropylene or somethiug and then you will find out why
it won't work.

MCHENRY: Yes, well actually what you are looking for is something that
stands up to KOH and will wet and the point is nobody has done much looking.

WROTNOWSKI: Wrotnowski, GAF. There are three materials that wet
out and are more stable than nylon six. We did this type work in our lab looking
for a red mud filter media and nylon — and what we do is use an autoclave and
did a 100 hour exposure and in that order of — I believe it i8 nylon 11 which is just
one digit off, but above nylon six is nylon 66 and more stable than nylon 66 is
cotton. This is confirmed by Dupont's own chemical stability data and then nylon
11 is more stable than cotton and above that is teflon and polyprop. in an auto-
clave extended life. This is work that we Lave done and it is just a matter of
autoclaving. We did our work in 10 percent caustic, but it ~eparated these
materials out damned fast, and that is why we like polypropylene and we have
been hanging in there trying to make it work because it is obviously - it is as
inert as teflon in these autoclave conditions.
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ROGERS: Rogers, Hughes Aircraft. To answer the question about poly-
phenolene oxide, this does wet very easily. But my question is more who makes
a fiber out of some of these materials like polysulphones or polyphenolene oxide
or polyphenolene sulphide? I know who makes the material but I don't know any-
body that makes a fiber. You can't use them as a block of solid plastic.

RAMPEL: Guy Rampel, General Electric. In relation to your comment on
polypropylene, Sid, I would say that there are many users here who have received
many thousands of cells as we have made with polypropylene and I don't see any
problem with polypropylene other than specifications which say that I am to uae
nylon.

GROSS: We have tested polypropylene cells and they work fine. The only
reason to not use them is the data that has cropped up here and there suggesting
at this time it doesn't appear to be wise to use them.

FORD: Yes, if I could comment on that, it is unfortunate that two gentle-
men who had planned to be here could probably give you firsthand information on
the Viking cells that were done on tests at Martin. Are you aware of what I am
talking about ?

SPEAKER: Sure.

FORD: They have experienced some — this was life testing, o 1y, obviously,
but they have experienced some symptoms of high degree of dryness /th life
testing of polypropylene. I don't think it is unlike what we have talked about here
today.

I have a couple of suggestions. I think one is we have been testing poly-
propylene, be it whatever number you call it, but by and large we have been
testing, based on our previous knowledge and previous technology. If you can
build a cell with more electrolyte to start with and I think it was two years ago
I showed a curve where the amount of electrolyte you found in nylon after a cell
had been through acceptance tests, was linearly related to the amount of electro-
lyte put into the cells in the manufacture, so there we have the baseline for
cycle life. If you could start with more in the cell you could tolerate the same
rate of degradation if you start with less, but the endpoint is much further out in
the life of the cell.

What I suggest we do is take the technology we have learned by backing off
on the loading and I don't know how far we can go on that today. I do know that we
demonstrated to our satisfaction. We can go down 10 percent with no compromise
in cell design. In fact, everything looks like it would be quite to the contrary.
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Back off the loading, give up a little bit on capacity if that is what is required.
Put the polypropylene in the cell and put more electrolyte in to start with. It
may well be we have got a cell, a 10 year polypropylene cell. I think that de-
serves looking at. I am not so sure we need to continue to beat the bushes for
new separator material. I know we have got a couple of dozen that we have
looked at already and we have some pretty good characterization from the NBS
work and from some work done internally. I think we ought to reassess what we
know in light of polypropylene and apply that and take a look at it.

The second point I would like to follow up on is this question about recon-
ditioning. I am convinced the need for reconditioning is built into the cell. I
think the data this morning on the effect of electrolyte shows that conclusively.
It is either built into the cell initially by some design constraints that the manu-
facturer is living with, either outer or inner imposed, or it is by an arbitrary
definition of voltage on the cell that the user applies and we at Goddard think there
are other approaches which are simpler and cheaper than reconditioning in state,
and that is to start with, to build a better cell. We have the technology. All we
need is the willpower and the tenacity to get in there and do it.

Let us move on. Fred, would you? We will get back.

SCOTT: Well, one disadvantage of being fourth or third or something is
that you can't quite be as original, but I must say that independently, I have
written down here prior to any of this discussion many of the points that have
been made, I have a slightly different slant on a couple of them that I would like
to put forth. First of all, I agree with Stan 100 percent, at least as far as geo-
synchronous orbit applications are concerned and my views are a little bit slanted
in that direction since I have had most experience with that kind of usage. The
main problem is electrolyte redistribution, and I believe that if we can solve or
limit that problem alone that most of the other problems that we see in the cell
may go away, at least for synchronous orbit type applications. There certainly
are a different set of failure modes applicable to low-earth, high cycle life type
usage than applied to synchronous orbits and yes, we should keep that in mind
too. There are a few failure modes that are common, but there are also a
number of them that are not common and this you have to keep looking at, but time
after time we have taken apart cells which — whose voltage on discharge and
this is at relatively high depths of discharge which are necessary in a synchronous
orbit in order to make the system practical.

Where the voltage of a cell at the end of discharge is way down below one
volt, but which discharged essentially normally, when we take them apart we see
nothing that is visible to the unaided eye. The separators are apparently in
visibly almost perfect condition. There is no cadmium visible in the separator.
There is nothing obviously going on but the separators are relatively dry and the
plates are relatively wet.
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Now, undoubtedly, this distribution effects the condition of the plates. There :
ire other side effects that follow from electrolyte redistribution which can be ;
Jermanent and can be cumulative, so I believe that to a large extent if one could
prevent the redistribution of electrolyte in the first place, many of these other
follow-on failure modes may become under coatrol.

In order to do that, I think, and I think I have some data which I will show
rou tomorrow unless you insist upon seeing it today, that show that the order of
wents with normal plates, vacuum impregnated positives in particular, is that
‘he positives swell first and then the electrolyte migrates, not the reverse. The
1ata is not conclusive, but that is — it looks to me like the positives swell regard-
less of the condition of the electrolyte and the result is following that, is a re-
distribution of electrolyte that probably goes along with the squeezing of the
separator, the expansion of the positive to increase its porosity and the ability
to absorb electrolyte and so on., So that brings me to my second point which has
been brought up here previously and that is that I think one of the first steps
that we could take to make cells perform more reproducably to implement life
testing, comparauve testing, and so forth, is to get a positive plate that does not
swell appreciably under a wide variety of conditions. Put it in the cell and I
believe that alone would tend — that alone would give you more stable positive
electrode characteristics and it would result in much less electrolyte redistribu-
tion which then would result in less of all of the follow-on degradation modes.
This is what I think we need to do first and 1 think we have the technology to do it
{oday and 1. is just a matter of practical implementation in terms of utilization
of the electrochemically deposited positive plate in place of the vacuum deposited
plate.

The other thing that | see more and more often these days is signs that good
old Pellon 2505 is not always what it is supposed to be. And then I say, '"Well,
what is it sunposed to be?" And I find that there is no real specifications that
I can get my .»unds on as to what the molecular weight is, what is the average
molecular weight What is the chemical, real chemical composition? I can find
data w.ich some people find it has a molecular weight of such and such when it
is r.>w and then over here somebody analyzes it and finds out that it has a mole-
c¢.iar weight of 1/4 of the other reference, presumably for the same product. I
submit that possibly some of the differences that have been observed in the degree
of ckemical stability versus hydrolysis, oxidation, and what all, are due to a
variation in the basic product and that we should find out what it is we have got.
We should if possible get a more uniform separator product if we are going to be
working with nylon of this particular type and then we can know what we are
duing, but I think we ought to be more concerned with the exact nature of the
nylon material that we are using and control its properties better.
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The final thing I think that we are still floundering around on after all of
these years is what is the optimum excess negative for a given application? 1
suggest that we could try, if possible, to limit the question to just two basically
different types of operation, multiple 1-1/2 hour cycles at relatively low depth
of discharge and the type of operation, let us say, from 50 percent depth of dis-
charge on up that you get in a synchronous orbit, and really try to tie that
question down. As far as I am aware, I don't know what the answer is as far as -
I mean as far as the optimization. We have done a lot of work in trying to maxi-
mize the excess negative. I agree with Floyd's earlier comment that we have
probably gone overboard. We could probably back off but how far can we back
off ? I think we need some pretty controlled sets of tests to really tell us what
that optimum ratio should he.

WRONTNOWSKI: Wrotnowski, GAF. I would just like to mention that we
are a felt company. One of our products is the felt marking pen and the felt
magic marker type thing is made up of two things, a reservoir felt which is a
low density felt, and the nib which is a high density felt. The high density or the
nib has greater capillary or pumping power and will draw the ink right out of
the reservoir. I just take that as an analogy on the plaque taking the caustic right
out of a low density separator and I say it is an analogy. I think it just locks
right in as a physical, a simple, common thing.

FORD: Gerry?

HALPERT: Yes, I would like to make a comment with regard to some of
these points that have been made which I think are very reasouable points, the
separator, the excess negative, and another thing that we do quite a bit of and
that is adjust precharge and electrolyte during cell manufacture. One of the
things that has most bothered me is the, and I will use this quote from some memo
that I once saw, of ""engineering on-line". I think what we are trying to do is
engineer as we go along and we are trying to — we are putting in materials like
separators and we are testing the cells as they exist to see how they will work
and we are going adjustments to see how they will work. We are trying different
amounts of loading and excess negative to see how they will work. I think this
is really the wrong way — well, I think for a long time it may have been the right
way to go because we had to see what could happen, at least on the basis — some
of the baseline tests to see where we would be going if we would make some of
these changes. It seems to me now we know quite a bit. We have been working
for a fair amount of time in these areas and it seems to me now that we can make
some awfully good scientific judgments about the kind of separator we want from
a physical standpoints, not just putting one in and seeing if nylon 66 will work, or
whether it i8 chemically stable. Chemically stable, 1 think, is a very important
specification or requirement. I think that is, but there are obviously physics'
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parameters that are so important to the elaectrolyte optimization, as is the plaque,
and excess negative is the same kind of thing. What is it, what kind of balance

do we want? It is not how much active material can we put in the plate, but how
much do we really want in terms of what kind of porosity is available? The same
thing holds true with when we go to build the cells. If we build the cells and the
pressure doesn't come out right, let us not just put a couple cc's extra to make
the pressure come out right or take out a couple of cc's. Let us make a good
scientific judgment and have a requirement for taking out the electrolyte and

then maybe we can understand and be willing to accept more about why these
changes are made. The continuous change that we go through in the process of
cell manufacture, and well, let me finish my statement. The continuous changes
that we go through in the process of cell manufacturing and the process of ander-
standing what goes into the cell is at this point no longer acceptable. We just
cannot accept the changes. We have got to have a good reason for making the
changes, a good scientific reason, and then I think it is much easier to buy. Now,
I don't want to take away from the battery companies. It was said nobody stands
up for them. I think they have done a very good job over the years and improved
along the lines that we have required them to do. We have squeezed them and
squeezed them and squeezed them and they have followed along and I think now is
the time that we have some communication between the battery companies and
the users. I think we have some good communications and I think it really has

to open up now in a way such that we know what we are going to do before we make
the changes at the cell manufacturing level so that we know the implications of
what is going to happen later on and not just make them arbitrarily.

LIM: Hong Lim from Hughes. I just would like to make a brief comment
on the question of the -

FORD: Louder, please.

LIM: - question of the nylon separator, especially about the molecular
weight. Depending on the method of measuring molecular weight and the absolute
value of the molecular weight, it is different because they use different standards,
but I think that has a minor importance for the chemical stability, whether you
have molecular weight beginning from the 30,000 or 60,000, That is relatively
less important than the other characteristics. I think a more important thing
is probably the physical shape of it. I may have some answer to the previous
question about the physical shape, but I didn't get a complete answer.

I think there might be some way of putting more electrolyte without blocking
the oxygen transport by just changing porosity or the size of the fibers, for
example. I would really like to see with the same material and not trying to
confine nylon polypropylene, but with the same material and change of the physical
parameters and see how the battery characteristics are effected.
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FORD: Okay.

MCHENRY: McHenry, Bell Lab. Well, I think one of our major prohlems
is that we can't make anything the same twice. We can't even make the damued
can weigh the same twice. As far as the electrodes, how much excess negative
do you need? Well, if you don't know how much negative you have in the first
place, in the plate, you have got to be able to make two plates the same or more
than two the same and our problem is we have the plus or minus 15 percent in
the loading of the plate in the first place and then when you have that you have
a certain loading, you don't know what percentage of that loading is usable, so
that given the worst case of every thing that you didn't load very much and then
what you did load didn't work very well and all of that soxt of stuff, you will
have a 70 or 80 percent difference between one plate and the next, and vou will
never get the answer to how much excess negative you are supposed tu have,
certainly not by experiment with things that are off by 50 percent in the first
place and what you have to do is make your electrodes so that you can make two of
them the same weight, you know, the same weight change, and you get the same
amount of capacity out of both plates and that ought to be about 289 milliampere-
hours per gram is about the theoretical plus two to plus three, and if you can't
do that you lose. I mean, that is the first step and if you can't take the first
step you just can't get anywhere.

With the electrochemically impregnated electrode this is something you
can do. We can get quite reproduceable and you will blow a lot now and then but
you can get a pretty narrow range and they all pretty well give what they —
according to their weight, they give vou about 100 percent of their theoretical,
pretty close to that. You can have some confidence as to what it is going to give
10 or 20 cycles from now, but the vacuum impregnated plate, you start cycling it
and it gets more and more and more and more and more capacity while your
negative gets less and less and less and less and less, and you put two to one in
and you find out after 50 cycles you have got a bigger positive than you have
negative, you see, more measured capacity. We have just got to make the
plates the same in the first place and that is what you have to work on. If you
can't get past that step you forget everything else unless you want to put in a
six to one negative.

PARK: One point on that, I wondered if you could say what you do get for
variation in the vacuum process. I maan, it has been spoken of as being less
satisfactory. I am sure it is the uniformity of the negative or positive plates both
as compared electrochemically. It would be interestir g to know whether you have
statistics on that as to how it might be “etter and another point, on the Pellon 2505,
why couldn't it be evaluated in some of Mr. Lim's tests at high temperature or
the kind of thing he was describing this morning, you would have an evaluation of
it. I would ask that questicn,
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Then another thing I would like to ask Mr. Wrotnowski or somebody else,
what about nylon 11? Has it been tried, if it is more durable? I guess those
are the three points.

FORD: Okay, we have three questions on the floor. Would anybody care
to field the first one? The first one was along the line, well, in saying that the
electrochemical impregnation process is more reproduceable and more uniform,
what is the number? What are the statistics to support this? Jim?

DUNLOP: I would like to make one comment. There is a difference.
We have weighed all the plates, for example, of all of the cells that we have
analyzed in a large number of cells and we determine what kind of capacity we
get out of it for chemically impregnated electrodes made for production cells.
The plates weigh fairly uniform and as a matter of fact, the manufacturer can
easily weigh plates and separate them out on that basis and generally will.
There is a difference, though. In the chemically impregnated process there
doesn't seem to be an easy way to go from a weight gain in the impregnation
process to the capacity because there is a substantial corrosion of the plaque
in the impregnation process which seems to be the major uncontrollable variable
in chemical impregnation. When you enter the electrochemical impregnation
process there is a direct correlation between the weight gain, as shown by Bell
Laboratories and it seemed to work out very nicely in the electrodes that were
made for us., There is a direct correlation between the weight gain und the
capacity you measure, and that seems to be a true statement and it turns out
that you can, indeed, weigh the plaque and weigh the plate and determine what
capacity you are going to get and that is the capacity you get.

PARK: One further question. How about the fading characteristics ?
Do they vary?

DUNLOP: Let me make a point. We do not see this fading in an under-
loaded electrode or in an electrochemically impregnated electrode. Somebody
made an interesting statement, that was Floyd Ford a little while ago. Cut into
the cell. You can't get away from this fading business. We are going to make :
a paper one of thesc days. The reason we know this is in a nickel hydrogen
cell test you don't have to worry about the cadmium electrode, so when we get
voltage performance it is characteristic of whatever the effects of the nickel
electrode are and so we have established more of a baseline on nickel electrode
performance in that kind of cell, which seems to be a little easier to do.

FORD: It seems there is a second part of that question, has anyone

tried nylon 11? It was that question, and has anyone tried nylon 11 in the
nickel-cad. system?
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WROTNOWSKI: Well, it is a French fiber and it really isn't in this
country. Someone would have to go import it. Probably that is why it hasn't
been done. It is available in France but someone would have to go bring it into
the country.

FORD: That rings a familiar bell.

HALPERT: Floyd, let me comment about that, about the separator.
Separator in general, we are in a real bind with regard to nylon 2505. We have
one separator supplier in the world and he is making it for coats or jackets or
what have you and making it for ourselves. If we lose him we don't have any-
thing other than this polypropylene. It seems to me that we ought to be on the
road to understanding a little bit more about the separator so we can select
alternate sources. I don't say one, but maybe more than one, not eight or 20.
We don't need that many but certainly an alternate candidate for a separator,
or we are going to be in serious hot water if we have to make that decision.

PARK: There is one further question I have and you were going to
answer it,

HALPERT: Oh, wasI?

PARK: What about using Mr. Lim's evaluation of the rate of attack of a
caustic at high temperature to evaluate the 2505 lapse ?

HALPERT: I think that is what he did, isn't it?
PARK: No, I mean, why don't you do it?
MCHENRY: Quality control.

PARK: Quality control,

HALPERT: Well, all right, we have -- I am not sure I am going to
answer your question, but I guess we have --

PARK: 1 am saying use that process to evaluate every lot that you get.
HALPERT: All right, the answer to your question is we have received,
have requested from the manufacturers and have received all of the test data

from their 2505 test that we have required them to run for the last five or so
years.
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PARK: But do you test at high temperature ?

HALPERT: We don't test at hizh temperature. They were not tested
at high temperature for our particular application, but --

PARK: But Mr. Lim's data would then give you an index of the quality
that you couldn't get any other way quickly.

HALPERT: You mean the physical properties? Is that what you mean?
FORD: Let me field that one, please.
HALPERT: All right.

FORD: Yes, I think it i8 a good suggestion. I was impressed with what
was shown this morning and the linearity and some of the data. It seems to be
a tool that may be available to use to look into. I think it is well worth con-
sidering. To my knowledge, I am not aware that it is being used today. I think
it is a fairly new approach of looking at separators in general, but you have to
bear in mind we could stand up here and criticize 2505 until we are blue in the
face but it is still the only thing that is really doing the job over the long haul.

HALPERT: Dean?

MAURER: Maurer, Bell Labs. One of the things that I have been hearing
is the generalization here, I believe, that polypropylene tends to dry out over a
period of time and nylon tends not to dry out over a period of time. I would like
to call your attention to Mr. Lim's equations from this morning which show that
a substantial amount of water is produced in the degradation of nylon as well as
the carbon and nitrogen, and maybe the reason nylon doesn't dry out is because
it represents a source of water so that the liquid content of the cell is increasing.

I would like to ask Will Scott if on any of his tear downs of these cells
have you looked at where the electrolyte is on cells that have just been removed
from cycling without reconditioning versus with reconditioning? Is there any
electrolyte huddied in the bottom or anything like this ?

SCOTT: I don't recall ever seeing any free bulk electrolyte except just
a film on the inside of the cans. Regarding the other question, we have some
data which will come up tomorrow in connection with looking at the effects of
longterm storage which showe the proportion of total electrolyte and hydroxide
in carbonate in the separators before and after storage and before and aftex:
sorue limited kinds of tests, but not a very complete approach to the differences
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that you might see during a real life test. We will be doing that kind of work
in connection with our test prograni on the 50 ampere-hour cells.

IMAMURA: With regard to polypropylene, I don't know what problems
you were talking about. A couple comments. We have been cycling two battery
packs, 24 cells each, made of polypropylene separator cells, and it is about
7,000 cycles now, low-earth orbit. Nothing to do with the Viking lander type
operation,

Secondly, in the last two days in fact we have been trying to tear a couple
of cells made of polypropylene, Viking lander cells. Because of sort of a light
dryness, and cells were originally made to be much more dry or less electrolyte
than the average cell and Guy Rampel back there could say something if he
wished, but it had to do with sterilization, okay? A problem that we have en-
countered in the last three weeks is one of the test batteries out of the mock up
which had been randomly cycled, at a fairly low depth of discharge. We took it
off to recondition it and out of the two packs we got two or three ampere-hours,
and strapped it down overnight, in fact over the week-end, started the charge.
They were extremely high impedance cells, varying from something like 2 ohms
up to 16 and 25 ohms.

In line with that I wanted to say that it i really not peculiar to the poly-
propylene based cells; and it is true that dryness centributed but we veally
don't know what are the basic modes at this point.

FORD: Okay, my point was not that I was trying to pinpoint polypropylene
as the culprit, but we have seen similar types of -- or we have observed similar
types of things on nylon, for cells containing nylon, but it is definitely an in-
dication of a high degree of dryness within the cell, whatever the separator sys-
tem you have, okay? I think it relates back to the capacity of the positive elec-
trode and is part of this expansion, the ability to tie up more electrolyte and to
further compete with the separator system, be it nylon or polypropylene, but
quite frankly, if you don't start with enough from day one you never expect to
have enough.

BOGNER: I would like to ask a question of people who have been testing
polypropylene and nylon on their failure analysis if they have noticed the same
quantities of carbonate in the cells or if there is a significant difference in the
amount of carbonate.

FORD: Does anyone care to field that question?
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HENNIGAN: This was all done. I don't have the numbers in my head
but I could probably get them to you. Every separator that we have checked
has had that analysis. I would like to mention one other thing. I wanted to tell
you this morning about the Grace nylon which I would say is comparabie to the
2505, cycles about the same way, and one of the things you may find with sepa-
rators, you remember about two years ago we had the polypropylene called
Hercules. 1t was a microfiber type thing and that worked very well in the Eagle
Picher cell and we did have a little trouble with it in the GE cell, but still that
separator material was very good, but Hercules did not want to fool with it at
all. In fact they surveyed the market and they said the whole battery business
wasn't big enough for them to go into operation. I talked about a pilot plan type
thing and they just didn't want to do that either. So some of these materials
maybe you could never get.

FORD: Okay, if I may, I have one other member on the panel that hasn't
had a chance to say, in all due respect -- but did semi-volunteer to support me.
I would like to give him a chance to have a say.

BETZ: Floyd, everything has been said. I just have a couple of things.
One, relating to Matt's problem, we had some polypropylene cells, one with I
believe, 15 percent short in electrolyte, if you will. It was specified that way
to sustain a C/10 charge rate at zero and another was approximately, from a
different manufacturer, with approximately 20 percent extra electrolyte com-
pared to the normal value, so taking a normal on a six ampere-hour cell with
18, that is somewhere around 16-1/2 and somewhere around 22, and both cells
in random operation, the wet cell and the dryer cell, occasionally exhibit the
same problem Mattie has, 30 ohm cells, 30 ohm impedance cells.

Strangely, we have been tracking the balance of our cells which do hae
the nominal electrolyte quantity and none of those after more than a year are
showing any of the characteristics, so it may not even be electrolyte all by
itself. Maybe there is somethinyg else.

Like I say, everything has been said regarding battery cells or quite a
bit and I guess my concern now and I think one of the major problems is how
do you implement these concepts ? It seems to be that the implementation has
been almost random in nature. Bell telephone discovers an impregnation tech-
nique that looks superior. There are teflonated negatives popping up that ap-
peared superior, but you can't -- impregnation of electrolyte techniques, maybe
even separatots improving, but you can't get it. You can't get it all together.
Maybe it just takes time.
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We seem to have started the nickel-cadmium investigations, I think, back-
wards. Nickel-cad. got used in spacecraft because it was the only thing av+ilable
{n 1960 and it worked well through the late sixties and somewhere around the
time that the workshops started and cells started failing -- but that is when we
really started looking at nickel-cadmium. It is only five or six years, really.
Groat seals are available. That was one of the ma;or problems in the early days,
and there are electrodes available now and there are separators, but you can't
buy it and it doesn't look like in the near future we will be able to buy it and if
we could buy it from a new company because maybe the major companies might
not want to get involved for commercial reasons, could such a cumpany stay in
business until we iinish testing it?

It is the truth. Could we then cunvince our program managers on programs
that we have a better battery and we are we are ready to fly it when the general
technique is we want to standardize -- maybe that is a bad word today. We want
a battery with a reputation of success and we do have, as Kipr 'nd Jim bave
mentioned, the batteries that are being built have a reputation of success, but
yet we need the improvements, but how do we implemnent? That is the yroblem.

It is all yours.

PARK: Another point that maybe is pertinent, I notice the man that talked
the first thing this morning expressed standardization and standardizuilon cer-
tainly has a place, but also if you are just going to standardize, you wouldn't be
able to get this 10 vear business. Now it seems to me that to standardize then
you also have to try to find somebody to fund further development and it seems
to me that you ought to bave two different things and I don't see a whole lot of
impression this morning that there were funds for anytl:.ng but standardization.
I don't think that is right.

BETZ: That is right.
PARK: It isn't right.

FORD: No. Let us put it this way, though. While I am not qualified to
comment on the doilar values of the OAST budget cver the period, I do know that
the impetus on the OAT research and devolopment has been gradually declining.
Today we have one basic task, to produce workable hardware and to quit design-
ing a new wheel every time we want to launch a vehicle. That is the fuil reality
that we have to accept as a part of the aervspace and the scientific community.
Now with that in mind what we have to do is take what funds for research and
development that are available and try to squeeze the maximum. Herein is one
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of the primary driving forces behind us wanting to have this open session. We
are looking to set priorities. We within NASA and I certainly hope that the co-
operation that we have had between NASA and the Air Force continues, that we
have the same priorities, but this is basically what we have to do, scrutinize
those programs, those potential improvements that are available, and fund the
ones that we feel like offer the most potential and basically what we are trying
to establish is what other ones offer the most potential.

PAT X: 1have a further point. This is to Dunlop. He seems to be aware
of the value of the 10-year life. If you have a battery that costs four times as
much but you get 10-year life instead of six, is that a justification for some
research?

DUNLOP: Yes, but it is a very hard thing to convince management to
put up a couple of million dollars for it. See, that is a tough argument. You
can say that -- you can argue, say, for communication satellites, the pay off
is immense every year a satellite stays up and is in operation and a lot of
people in this room are in the communication satellite business who are well
aware of that fact. At this same time they are also well aware of the fact that
to tell their management that they should put up $2 million or whatever or $7
million if that is the figure, to build it, the question is, you are going to go out
and build a battery, if you don't like what the battery manufacturers are doing
what do you do about it? That is I think the point that is really being addressed
here today. If you really don't like, if you rcally don't think that the battery
manufacturers are making you a seven year cell, then what do you do about it?

In addressing the question of making a 10-year cell, first of all, since
you asked me, I will make this statement; frankly, I don't see the reason for
the standardization program, period, because GE is making a good cell today
and I don't think they can make a better cell than they are making right now on
a production basis. I just think that the limitation is not going to be done by
making a lot of measuremerts. I am just going to go right back to what Halpert
was talking about, that the techn:que is limited by the technique of what they are
deing. They have got a centering process that is the best that they can do in
.heir production room. They have got a lot of rollers and wheels and so forth
and that is the way they make it ond they aren't going to make it any better
simply because they chop a piece out every 50 meters. They make a pretty
good product right now.

The problem is that the electrode they make may not be the best electrode
available. The best electrode available may be an electrochemically impreg-
nated electrode and the best centering process may be one of these 12-zone
furnaces.
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PARK: What I was trying to say --

DUNLOP: I am sorry, but I am not just -- I think the point -- maybe I
am missing your point, but I don't understand how standardization is going to
improve a product here.

PARK: Well what I was going to say, couldn't you just to standardize
in something fairly elementary and say this is it and then have funds available
~-- you can't do things overnight --

DUNLOP: But what are you going 0 say is this it? I mean GE makes
a cell and SAFT America makes a cell and --

PARK: I won't argue that.
DUNLOP: -- Eagle Picher makes a cell.

PARK: What I am trying to say is can't you just say, you will do some-
thing around there to get a reasonable compromise standard cell and then -- I
don't understand why management isn't prepared to sponsor something. Why
won't they do it?

DUNLOP: Well, I think they would., The question is how. See, the prob-
lem is, unfortunately, people looked to NASA for a lot of years to lead the R & D
programs and still do, and NASA has taken the position, as Floyd just said,
NASA has taken a position of standardizing batteries and they put all their money
into that kind of a program. Now who the hell is leading the area of advanced
development ?

PARK: I know something very similar to industry, is GE and Westing-
house used to do a lot of research of all sorts of things in the power industry
and the industry got to depend on them. Then they decided that they didn't get
tco much thanks for it. At any rate, they decided to cut back. Then the in-
dustry wasn't prepared too much -- they have been getting around it, to put
some of their money in to do the things that GE and Westinghouse weren't doing.

DUNLOP: Right.

PARK: Now, I think, if you say, well, they always look to NASA to do
this work and NASA hasn't got the budget, you are going to have to do something.

DUNLOP: Right. Well maybe the Air Force and maybe Bell Laboratories.
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PARK: Right.

GOLDSMITH: I take a look at Goddard's or NASA's missions and I think
most of NASA's missions are not the kind of missions that require long life. I
take a look at NASA's missions models and I think most of their missions now
and tied in with the shuttle are like six months or one year missions in orbit
and I think for those missions standardization may in fact be cost effective
because without being able to quantify it, I think that in the long run they could
standardize it, but the question, the real question is for the government, since
NASA isn't putting money into the synchronous orbit long life that is requircd
not only for Comsat but for a lot of the military communications satellites,
NASA isn't doing that. I don't see the Air Force putting any money into nickel-
cadmium development. I think somebody’in the government who may think that
NASA is looking after all of the battery requirements, I think these guys are
being misled as to what the requirements are. Do you want to comment on that,
Floyd?

FORD: Well, approximately two years ago, maybe it was longer, NASA

made a major policy decision to get out of the communications satellite business.

By and large that is synchronous orbit satellites.
GOLDSMITH: Right.

FORD: ATS was one of the last synchronous orbits that we have had
that has really had a communication role. Now, we are still working in syn-
chronous orbit satellites, but the emphasis, obviously, isn't the same as is on
near-earth orbit, and I think your awareness of this NASA mission model, the
projection of future NASA missions, something like 70 or 80 percent of them
are near-earth orbit, you know, the lower altitude orbit and the standardization
program is geared toward the shuttle. If it wasn't, the shuttle was not coming
down the pike, you would not see a standardization program I don't believe, so
it performs in a sense cost effective, this is exactly what they said and that
with the resupply capability we no longer have to push systems that -- we no
longer have to design systems or have tc require systems to last five to 10
years because basically they are going to replace them every two years. It is
the modular concept that was mentioned this morning.

Now with that as your guideline --
DUNLOP: One question. Why is it that you and the Air Force act to-

gether? Like you mentioned a minute ago that you act together and you have
the same goals.
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FORD: Why is it that we do?

DUNLOP: Why do you and the Air Force, then, have the same goals
bucause the Air Force had a lot of synchronous <atellite missions.

FORD: I didn't say we had the same goal. We have common goals and
common goals, the Air Force, as we do, put up a lot of the near-earth orbit
satellites. We are still putting up, the U. S. government, is still putting up
synchronous satellites, primarily for weather.

DUNLOP: Since this is an open discussion, isn't it true that the Air
Force is doing a lot of work -- I don't know that I totally follow your comment,
Paul, because isn't the Air Force really coming up with a program for the one
that Pickett mentioned earlier today on nickel-cadmium cells which is directed
at advancing this new technology with somebody ?

GOLDSMITH: Yes, that is right, but I think we all should realize that
most of the work that the Air Force, I think, is going to be doing ir the future,
is funding nickel hydrogen and other advanced systems and Goddard isn't fund-
ing nickel-cadmium, so I just think that kind of a problem should be brought up
at like the inter-agency advanced power group or what have you, which is de-
signed to get all government agencies together and look at the big picture.

DUNLOP: Probably one of the things that should be mentioned here that
does confuse the issue is that, and probably Comsat as much as anybody has
been lately pushing nickel hydrogen as the replacement for nickel-cadmium for
battery systems starting in the 1980's. We think the nickel hydrogen system
will meet the 10-year mission requirement and that is going to be a subject
that will come up tomorrow, 80 we really expect to replace -- we really expect
to be able to replace nickel-cadmium systems with a 10-year battery and that
is something that confuses the issue a little biz. That is an awful nut that con-
fuses the issue a little bit. That is an awful nut t.day.

FORD: Ernst, did you want to comment? I saw your hand go up and then
you pulled it down. I wasn't sure.

COHN: I just thought I might mention that this may be Goddard's work-
shop but Goddard doesn't have the whole NASA program and there is a NASA
program that has as its goal a new lightweight ni-cad cell, 35 watt-hours per
pound, 100 percent depth of discharge, lightweight ni-cad cell, and a new ni-cad
battery with an individual cell control ala Air Force and that we are starting to
implement this progrsm, namely, through JPL. If we can get Goddard to help
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us, fine. If we can't we will do it all at JPL, or if we can get Lewis to help us,
fine, but if not we will do it all at JPL, and we intend fully to do something about
ni-cad before we give up on it. We also have some ni-cad missions for more
than five years because every time we go into deep space if you use a battery,
the deeper you go into space the longer it has to last. We are talking about
planetary orbilers. We are talking abovt landers that have to operate for weeks
or wmontks, so that it isn't exactly that 10-year life has gone out the window.
This may be the view locally but it is not the view of NASA as u whole and -...cu
you get thase impressions you want to make sure that you know something about
the total program.

Also, of course, the new lead at IAPG., The IAPG has not bee.. abolished
yet. We have at least one meeting a year, a planning meeting, where we discuss
the various programs that are going on and we do take advantage of each others'
advances in nickel electrodes, for example. We have asked the Air Force and
the Air Force has agreed to cooperate with us in letting us have some of the
electrodes, and we have also, incidentally, fairly well completed, we are not
fully completed yet, a non-gassing or virtually non-gassing ni-cad cell at JPL
which looks like we can run it wet, which will avoid many of the problems that
people are complaining about here, so if you would pay attention and listen and
look to JPL for the non-gassing ni-cad maybe we will find something that you
could use that would look interesting to you.

GANDEL: Gandel, Lockheed. I am surprised you are having us sit here
until 5:22 for this. I wish you had started earlier in the day on the technology.

KUYKENDALL: Kuychendall with NOAH/NESS. We are working on the
synchronous orbital SMS/GOES. Our problems isn't so much where we are
going but just knowing where we are at today because of missions priority
changes, failures in spacecraft and so forth. We would like to use the space-
craft batteries in ways other than they were tested. We would like to use them
60 percent depth of discharge every eclipse. We would like to use them 10 or 15
percent every day under certain seasons of the year. We find that when we ask
for this data it is no one's fault here necessarily, but the information isn't
available and we need to know how much the battery life is going to be shortened
by using them and what are the trade-offs, whether we should maybe use them
to maximize the data that we are going to get in tape shortage and battery life.
How much is it going to cost us and these are the things that we find don't seem
to be available,

COHN: Again, if I may answer that one, Cohn, NASA Headquarters, we
don't have the answer because we started with a bum test program, okay ?
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What Hellfritzsch said before I can second and state it was fully though through.
We were stuck with it. By the time I got aboard it was too late to change it,

80 we are just piling data on data which has relatively limited meaning. They
are better than nothing, believe me, but they have limited meaning. I have tried
for years and finally succeeded to some extent in getting a statistically designed
test going at Crane. To the extent that I will continue to get that input and co-
operation from Goddard and Crane in getting a meaningful statistical design and
getting data out of this program, the questions you ask should be answerable
because it should be designed in the program, so give us a little time.

FORD: I can honestly say I have never seen two even similar missions
profiles on a battery.

THIERFELDER: Thierfelder, GE. When the RFQ comes out for the
standard battery will there be a life requirement and if so what will it be ?

FORD: It will be what is specified in that standard specification that
you are welcome to a copy of. There is a life requirement. I do not know off
the top of my head what it has in there.

We will take one more.

LIM: I would like just to make a short comment about the comment you
made about the relative wettability between ~olypropylene and nylon. I am not
sure about the change of the wettability in polypropylene, but in the nylon, after
nylon degradates, the wettability would be increased, not by production of water
but by the generation of more end groups which are ionic in character, so I
would expect that the wettability would be increased as the nylon degradated.

FORD: One last round of the panel.

GROSS: Just one comment before you get that fellow in the back of the
room. It certainly appears that we have got -- that the aerospace nickel-
cadmium battery users can look forward to getting a very good nickel electrode
but through the back door by means of the nickel hydrogen system. It didn't
come about deliberately as a deliberate attempt on the nickel-cadmium battcry
user to get it. What does it take to get a good cadmium electrode ? Do we have
to wait for a similar circumstance?

FORD: Guy?

122

.7..-.,



o~

- e

o

T

- -

e —
h

¢

—

[

i

TR At o,

e G

RAMPEL: Rampel, General Electric. On this standard cell, 20 ampere-
hour cell, there are at least four very important components and one of them
is the separator. You have a lot of specifications for tests and so on and so
forth, but I kind of feel that since we are locked in for the next five years and ;
not being able to make a change, I kind of feel at the mercy of the one vendor ;
on 2505 and I kind of feel that while Gerry is going to get control of the pack T
and all of the measurements he is requesting, I don't see that same kind of
control at the separator end, and I think we had better do something about it.

e ot eV s e bl

HELLFRITZSCH: I would like to make just a warning. You mentioned
cadmium, and I have heard about small vendors being the one you ought to
specialize in. The Navy needed a mercuric oxide cadmium cell for a standard-
ization program, incidentally. It was a field group that wanted it, so they let a
development contract with a small vendor and I haven't seen all of the data. I
wasn't involved but I knew of it. He made some that performed like we wanted.
When we wanted to buy some, the Navy contracting people went out there on a
survey and found out, "Well, Heck, we can't give you a contract that big. You
have never made anything like that." So another battery company said, '"Well,
I guess we will have to bid on it." He was supposed to have given a complete
disclosure on how you make them. This was a big battery company and a good
one but they never made that kind of a battery. After a couple of years of try-
ing they gave up and a third battery company has finally made some and of the
lots they have developed the first ones after a delay of a year or so were pretty
good but then the next lot or two that they were going to make just like the first
lot were just no good at all, and cadmium is one of the difficult technical prob-
lems in that particular battery, so this is merely a true story. It is still going
on right now. There are a couple of government agencies vitally concerned with
the fact that the batteries are not performing. Their standardization program,
of course, has been waiting at lzast five years in the case of the Navy.

PARK: But you said they didn't give it to the company that knew how to
make it?

HELLFRITZSCH: Because the company was not competent, reaily. Bu!
he was supposed to -- part of the contract was tha’, he write down how to makc
it, but -- he didn't want to and in all honesty, if any one of you try it sometime,
write down how your wife could bake the cake all of the way and every detail
and thea you do it and it is not a good cake usually the first time.

HARKNESS: }{arkness Crane. As you know, we are involved in the

battery testing for NASA and we currently have 12 ampere-hour battery packs,
nickel-cadmium, that have exceeded 10-year life. This is in a near-earth orbit
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flight test regime. I have heard the comments before and I think the standard-
ization program is a good step toward this step. Wouldn't it be nice if we could
duplicate that battery now? I think a lot of problems and questions that have
been brought up today would be answered now.

HELLFRITZSCH: But it can be duplicated.

MAUER: Mauer, Bell Labs. I think Dave Pickett would go along with
you about small vendors. They have a tendency to go out of business.

END OF AFTERNOON SESSION
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SECOND JAY PROCEEDINGS

WEBSTER: Good morning. I have two ways i could do this job. I could
simply say that we have approximately 16 speakers and go ahead and begin the
program or I could be young and maybe a little naive and go ahead and make a
few comments about some of the things I heard yesterday, so I think I will be
young and naive.

First, I would like to welcome you to the world of flight experience and
testing. This is a world where experts who tell us that bees cannot fly and that
cells cannot cycle for 10 years are proven wrong. This is a world unlike the
sixties where test results are now more than just electrical test data. It is now
related to such things as negative to positive ratio, amount of precharge, excess
negative, teflonation levels, amount of electrolyte, carbonate, and process
specifications.

In yesterday's session we heard that the electrical performance cannot be
related to just these terms and we must be more sophisticated in identifying
control, the more basic cell components, such as plaque manufacture and plate
loading. While I agree with this wholeheartedly, I feel obligated to point out to
my colleagues that before we can walk -- I am sorry — before we can walk we
must crawl, and before we can run we must walk, and I submit that without
attempting to develop the process specifications of the early seventies and couple
this with electrical performance testing we could not all be the battery experts
that we claim to be and since the evolution of the perfect reproduceable battery
has not yet been reached there is still need for electrical performance data to
enable a project to know how to manage its satellite in orbit.

The area of improved technology which was not mentioned yesterday was
the increased knowledge we have gained in system handling of batteries. That
is, we are now generally accepting that in near-earth orbit cells can be recharged
with merely 105 percent C to D ratio or 1,05 C to D ratio. Also, in synchronous
orbit, a low rate continuous tric'e charge seems to be adequate to maintain the
state of charge and give us exceptionally long life performance. How did we
know this? How did we arrive at this? We arrived at this by electrical per-
formance testing coupled with chemical analysis. Do not mistake my comments
for the fact that I am — do not interpret my comments that I am in favor of
Edisonian research, that is, trial and error research, but there is a need in
today's world because of where we are, for a little of each.

Also, there is another need in today's world, one which I am sure every-
one that has ever been associated with a real satellite has encountered, and that
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is while you might work five years on a program developing cell specifications
all the way to the battery supporting it at the Cape, once that satellite is launched
it is turned over to completely different people, maybe of a different firm, a dif-
ferent corporation. These people are referred to as operations control people.
We have some of them in our audience today as a guect.

Now, these people basically in some areas are electrical engineers. They
do not have a strong background in batteries like we have, and when they are in
the control center and they have been operating a satellite as it was turned over
to them, for a period of three to four months and they start to see the voltage
going down, the first thing they do is they say, '"We had better increase the C to
D ratio. We had better start throwing the charge to the battery." It makes it
very difficult for the battery expert to educate these people on the spot unless
we can take test data and show them such things as we are quite familiar with,
the two-step plateau, for instance, where we still have the capacity but we don't
have the voltage, so I believe there is a real need for the work that is going on
today and I strongly support that we become more scientific in our approach.

Thank you,

I would like to introduce our first speaker of the day which is Mr, Stan
Krause of Hughes Corporation and he will be talking on the subject of near-
earth orbit testing,

KRAUSE: I was debating whether to get up here after listening to yester-
day afternoon's session. I guess one of the conclusions out of that session was
that gone are the days of putting voltmeters across batteries and just seeing
how they perform. We are much more sophisticated and we start changing ions
around in fours, and this morning I am just going to give you the results of some
life testing where we put the voltmeters across the batteries. It is not very
scientific, but as Bill says, it is the real world. That is ultimately what we are
all in business for, the ultimate test of all of our science and sophistication and
knowledge is when that battery gets up there and operates in a power subsystem
for the duration of a satellite mission.

Very briefly, this morning, I wanted to give you a very short summary of
the results of the low-earth orbit battery life tests that we have been running at
Hughes. The test was started in support of the OSO program and this particular
life te~* 1as been running since 1972, almost three years, although the total cycle
life so iur is in excess of 11,800, I think as of today we are well over 12,000
cycles running at 15 per day. As you can see, it is a low-earth orbit, 96 minute
duration. We have a 36-minute discharge at 3.2 amps. on a 12 ampere-hour cell.
The charge time available is 60 minutes. However, we use a voltage regulated
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current tape ring with temperature compensation and I think the reason 1 wanted
to present this was two-fold, No. 1, to show what 1972 vintage cells can do in
low-earth orbit. I think we can get three years of low-earth orbit operation
which is interesting and significant, and secondly, that the type of battery charger
that NASA is proposing for its standard battery system appears to work very well
for this kind of application and I think the data here tends to show that.

(Slide 68)

KRAUSE: On the upper curve you can see is a plot of the end of charge
pressure for the first 2,500 cycles. As you can see, at about cycle 1,000 there
were some adjustments in the C to D ratio in the specific charger level that was
selected and then finally we reached a fairly stable equilibrium pressure in the
first 2,500 cycles or so. It has remained in equilibrium now for the 12,000 cycles,
although later on the pressure level did step down when the C to D ratio was
stepped down right about cycle 2,500,

The end of discharge voltage, as you can see, is relatively flat and has
looked very good in the 12,000 cycles and looks very flat for the 4,000 cycles
and the interesting part of the tect is that we finally continued to step the charger
level down to ultimately determine what the optimum C to D ratio was for low-
earth mission like OSO and as you can see, we are running at a voltage level
which gave a very constant C to D ratio of about 1.05 and that thing has been
continued from cycle 2,500 out to cycle 12,000 with a 1.05 D to D ratio and has
performed very well,

As I say, most significantly, I think the results of the test show that even
a 1972 version cell is adequate for nearly three years in low orbit and secondly
that the temperature compensated multi-level charger that NASA is looking at
as its standard is very flexible and very, very neatly controls these cells keep-
ing the pressurc down, keeping the voltage up, and limiting the C to D ratio very
well. That is all I have.

WEBSTER: Thank you. Fred Betz?

BETZ: Fred Betz, NRL. Stan, what are your level four and level two
voltages at 25 C.?

KRAUSE: I wish]1 had brought the curves with me. My recollection is
that the level two voltage at 25 C. is somewhere around, I think somewhre
around 1.41 volts and the level four might be somewhere around 1,425, some-
thing on that order.
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BETZ: Are these nylon separator cells?

KRAUSE: These are nylon separators, yes, good old nylc~, My prejudice
is showing,

HARKNESS: Stan, were you running at 25 degrees C. to start with? Did
you run a 1.25 C to D ratio?

KRAUSE: Yes. I should mention that we were actually r:nning at the he-
ginning at 12-1/2 degrees C. for about the first 2,000 cycles and then the test
went to 25 degrees C. for the remainder and as I say, we were running level four
at the beginning of the test and stepped it down later because it was obvious that
we could get by with a much lower C to D ratio.

SULLIVAN: Sullivan, APL. I probably miss~d it. It was probably on
there. What was the depth of discharge?

KRAUSE: I didn't put it on there, but the deptb of discharge is around
16 percent,

SULLIVAN: 16 percent?

HELLFRITZSCH: I heard in both of these speeches some remarks which
indicated they didn't quite agree with something that wac said yesterday. I didn't
think anybody would think that a science can be put together without numbers.
You do have to measure it. The key point that I tried to make yesterday is that
if you don't know what it is that you are measuring you don't learn very much
because no matter how many numbers you have until 10 years ago, unless you
know that the cells you are buying today are identical with them you cannot count
on them behaving the same way and even lot after lot of current production un-
less you know in every detail that the lots are uniformly alike you have to be care-
ful about using the data based o.. lot No. 1 and apply it to lot No. 3, 4, 5, and so
on. That is the only point. You definitely have to have numbers and you have to
analyze them.

There is one number I would like to see people use in batteries. They use
it in other places, as an index of overall quality, and that is the coefficient of
variation on any attribute of any commodity that you measure. It is 8 ratio of
the standard deviation to the average and it has no dimensions. Therefore when
you say, '"Our product has a standard deviation of five percent, well actually for
any chemical product that is a pretty good average. If you get into the mechani-
cal things like watch making then of course you are going to get down to fractions
of one percent in that battery, but there are many, many batteries in the primary
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battery business where coefficients of variation of 10 percent and 15 percent of
the same lot exist and it is a very useful number. The battery people haven't
used it. It is used in other engineering fields and you see, since it is dimen-
sionless, you don't need to know anything about batteries to get an idea of what
the quality is and I think it would be very useful whatever testing quotas — it is

a very simple thing to do. They usually calculate the standard deviation and the
aver: zes, but nobody ever bothered to divide them one by the other and it is a
real good index. It is dimensionless 80 you don't need to know what it is, voltage
or cycles or whatever.

SULLIVAN: Sullivan, APL, Stan, have you discharged any of these cells
to see where the second plateau is at this point in time or if not do you plan to
do Bo?

KRAUSE: No, we haven't done it. We plan to do it some time in the future,
but we are planning on doing it when we see any signs of difficulty in continuing
to run the tests this way. Then I suppose we will probably do some capacity
measurements and try to find out if we have double plateau or fadirg or what
have you, but right now it is running so well we don't want to disturb it.

Floyd?

FORD:; Stan, correct me if I am wrong, but I would like to clarify a point.
These are, to my knowledge, some of the first cells Goddard has flown that had
this now patented treatment by GE on the negative. I am pretty certain there is
a patent out on that, It is a proprietary treatment but these did have that treat-
ment, is that correct?

KRAUSE: I believe you are correct. These do have the treated negative.
FORD: Right. Just for the record.

PALANDATI: Stan, I was wondering, have you tried to analyze the gas
content as to what actually the pressure build up is as to whether it is all hydro-
gen or what?

KRAUSE: We haven't analyzed it. We don't have any means to attach it to
these cells other than that apparatus I showed yesterday which we would have to
pull Lhe cell out of this pack and we could put it in that apparatus., However, in
looking at the pressure gauges, we see a fairly sharp decline in the pressure at
the start of discharge and so it is obvious that it is still primarily oxygen. 1
don't believe we have seen any hydrogen. The residual pressure is very low at
the end of discharge. Fred?
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BETZ: Betz, NRL. Stan, do you recail what current you tapered down to
at the end of your charge period, approximately ?

KRAUSE: I believe it is something close to about 500 milliamps.

If there are no questions, I would like to make a yaick statement since we
are making statements. To clarify my remarks, I had nothing agaimst sciznce.
Obviously we are involved in my organization in trying to understand what is
happening inside of batteries. However, I have a gcreral feeling that on occasion
we sometimes lose sight of the eventual application of these little electrodes and
separators that we are working with and we have to keep in mind that the eventual
application of the battery is to power a satellite, to become an integral part of a
rowcer subsystem, and in that respect I think perhaps one thing tnat didn't come
out in the discussions yesterday afternoon was that I think the basic cel. designs
that we are flying today are perhaps relics or vestigial organs of batte) ies which
were designed to meet requirements in the early sixties. This is8 my own personal
opinion. However, I don't think that we have taken enough time to taiior battery
designs to the capability of our electronics that are availahle to us today for charge
control. I think everybody is worried that you can't get cells wet enough because
they are going to build up pressure if you overcharge them extensively, Well,
nowadays we are smart enough to build microelectronic circuits that can very
neatly control battery charging. There is no need to have to run batteries at
C/10 at 0 degrees C. unless you have some very special and unusual mission
requirements. Most of our synchronous satellites today have temperature con-
trol systems that wili limit batteries in overcharge to temperatures probably at
15 degrees, perhaps 20 degrees C. and in addition to that, the control circuits can
easily limit the overcharge only to that necessary perhape to get a decent C to D
ratio and at the same time keep the negative plate fairly active. I think we can
go to much wetter cells and I think we can modify cell designs Lty integrating
them into power subsystems that are designcd to provide the care and feeding
for the batteries. I don't think we should continue to build these things to take
extensive overcharge for long periods at ridiculous temperatures. We are just
not designing in many instances to meet the environments that are available to
us or tn take advantage of the subsystem hardware that is available to us, and !
think we should in the battery area take a more active role in general and play
the tail wagging the dog and get our li ks in first with the subsystem designers
in having them meet our requirements, That is about all 1 have to say.

MCDERMOTT: Pat McDermott, Coppin. Would you extend your remarks

about, say, individual cell control? How would you feel about that with the state
of the art being at this point?
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KRAUSE: 1 think T am not going to do any advertising, but we have been
developing at Hughes some large area hybrid microelectronic circuits that are
capable of individually monitoring voltage and pressure and temperature of bat-
tery cells and capable of individually controlling battery cells, I think NASA
Lewis is working on that very thing for their silver zinc batteries with the in-
organic separator to extend the life. 1 think it is worthwhile if we are consider-
ing, perhaps, 10 year synchronous satellites with much higher depths of dis-
charge, than we are operating at today, individual cell control may prove to be
advantageous, although I don't know if extensive trade-off studies have been done
with regard to that kind of mission model.

WEBSTER: Thank you, Stan. I will be the next speaker on our agenda and
the reason is that some of the work that I have been following at Crane overlaps
some of Stan's discussion here. The topic that I will be discussing will be a brief
snapshot into the life cycle test data that we have on the cells which are flown on
the ATS-6 satellite and the OSO-8 satellite. The cells which Stan was referring
to were originally part of the OSO-8 procurement and Hughes under their own
money has continued to cycle these cells and this .s what Stan was reporting on
and I think I have some of the answeres to some of the questions people are
raising as a result of our Crane data.

The reason why I am presenting this ATS data is one of the overriding
things we have heard is that we are not able to correlate performance with the
actual cell, This program was initially with Fairchild and Fred Betz, formerly
of Fairchild, was the battery engineer ~n the program. He worked very closely
with us in 1971 and was running a parallel effort to try at the same time we were
generating our first specification, Fred was trying to incorporate some of these
ideas in the ATS specifications, so we have a first attempt and now we have some
data from that attempt.

While we are smarter today as we were then, there are certain things that
were documented. This was a 15 ampere-hour Gulton cell and they were the first
cells, to my knowledge, to be dry stored.

(Slide 69)

WEBSTER: They were manufactured up to the point of filling with electro-
lyte and then they were dry stored in argon. The flight cells were removed from
storage and activated in 1973. In May of '74 the satellite was launched. Some of
the highlights of the specification were that the negative to positive ratio must
be at least 2 minimum of 1.4. The excess of negative would be six ampere-hours
minimum and the grid charge, you will note is rather low, but it was one ampere-
hour. The electrolyte in this cell was 43 cc's,
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Now, we have made it a policy at Goddard and I think this is a general
policy for anyone buying space cells, to out of each procurement lot save so
many historical samples and we have in our laboratory historical samples of
the plates and of the separators so that if these cells should prove to give us
10 year life, hopefully as our knowledge improves, we have samples that we can
go back and analyze and we can say, all right, the porosity is this, the plate load-
ing is this, and so forth,

We have done a minimum amount of chemical analysis. We have not done
much physical chemical analysis and our laboratories are now changing to in-
corporate more physical chemistry into their test programs.

(Stide 70)

WEBSTER: The engineering cells would be those cells that were manu-
factured in 1971 and were not stored in argon, but immediately went on ‘ests at
Crane. The test consisted of a normal synchronous eclipse mode where the
cells were charged at the C/10 rate to a voltage clamp, I believe, of 1.41 volts
at 20 degrees C. Then the current was allowed to taper. In most cases the cur-
rent would taper down to approximately C/30. This gives you a synopsis of what
has taken place at Crane. You see, well, this column is not filled in because the
test was run yesterday. You can see that the discharge voltages are holding up
very well through six eclipse seasons, that the end of charge current is ranging
anywhere from .4 to .7, that the ampere-~hours returned ranged between 7 and 20
and that the capacity of the cells are holding up very well. The initial capacity
was somewhere in the vicinity of 20 ampere-hours and now after seven eclipse
seasons we are still obtaining 18.8 ampere-hours.

The first two eclipse seasons were run here at Goddard and due to lightning
storms, et cetera, the data was destroyed that was on the magnetic tape.

We have another pack on test at Crane and this pack represents the flight
cells. Now these cells were scwored in argon until 1973 and were activated with
the flight cells. They have experienced three eclipse seasons, the last just
yesterc: . You will notice also that we are talking about something in the initial
capacity of 19 to 20 ampere-hours and we are still getting 17.2 ampere-hours
per cell.

The original intent of this satellite was to operate for a period of two years,
one year over the United States and one year over India where it was to be a syn-
chronous orbit satellite with load sharing taking place for approximately a 90-day
interval over India to support educational television programs. As with most
programs once the bird is launched things change.
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(Slide 69)

WEBSTER: Wnat we are doing is we are taking our engineering pack and
we are keeping it as a standard comparable to the other synchronous orbit test-
ing and our flight cell pack, however, the test program has been modified to re-
flect what is currently going on in the satellite and what is going on now is that
in addition to the normal eclipse season discharge that takes place, they are dis-
charging the battery one ampere-hour — I am sorry, one amp. per two hours,
recharging for six hours, discharging for one amp. for three hours, then re-
charging for six hours and then going back into the normal eclipse mode.

Some operations person..el are considering doing as much as two 30 per-
cent depths of discharge a day, well, maybe more conservative, one 30 percent
depth of discharge and then one 50 percent depth of discharge and the questions
we are getting hit with is how long will the cells last? What will they do? This
is some of the concern that was expressed yesterday, so I think it will be of
interest to the community if we continue to follow this test and hopefully 1 will
take about five minutes a year to update you on this.

HELLFRITZSCH: Those last two columns I don't understand.
WEBSTER: Okay, how was it obtained?

HELLFRITZSCH: Well, no. It says ampere-hours returned. That sounds
like capacity of some kind. I wonder what is that.

WEBSTER: Okay, let me explain that. During the eclipse mode what you
have is a bell-shaped curve where at the peak of the curve you are in shadow
for 72 minutes and the maximum depth of discharge at that point is 50 percent,
What this represents is the number of ampere-hours. When you remove the 50
percent depth of discharge at the peak point that would be the high number and
you are recharging under the conditions I gave you, C/10 is the voltage clamp
for 20-some plus hours. You recharge two of those cells at approximately 19
ampere-hours. Where you have extremely shallow depth of discharge at the
start of the eclipse season, where the shadow is very brief, you are maybe only
discharging seven percent depth of discharge. The cells are essentially fully
charged, but under this charge design, in this regime, in the 24 hours period we
are returning 11.6 ampere-hours.

The last column is a capacity test and that is performed by when the cells
reach the midpoint of the eclipse season, that is at the 50 percent depth of dis-
charge, they are allowed to continue all of the way down at the spacecraft rate
to one volt. The capacity data is taken, the cells are allowed to recharge and
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then continue on with the test and some people will say, "My Gosh, you are re-
conditioning the cell." That is true in a way. We are causing some effect, but
we are trying to get capacity data to judge the degradation of the cell with life,
so that is the explanation of what the capacity is and how it was obtained, what
the ampere-hours are.

(Slide 72)

WEBSTER: This is a curve of those very capacity checks and for the fourth,
fifth, and sixth eclipse seasons you can see that we have our classic two-step
voltage shaped curve and that in each case we are obtaining in the vicinity of 18
to 19 amperc-hours. That is on the engineering cel.:.

(Slide 73)

WEBSTER: Similar data is available for the flight cells. You can see that
they are delivering about 19 ampere-hours and this represents the test data for
the first and second eclipse seasons.

(Slide 74)

WEBSTER: This last slide on ATS data shows a comparison between the
two packs and what is required by the spacecraft to support, initially anyway, to
support the spacecraft requirement it has to deliver at the 6.25 ampere-~hour
rate for 72 minutes as indicated by the dotted line. At the present time, as a
result of our capacity data, we see that they are delivering in the vicinity of 175
minutes at the 6,25 rate.

(Slide 75)

WEBSTER: Now the next program I would like fo talk about is OSO, OSO
came along a little later, 1972, The Goddard specification was out at that time,
Hughes worked very closely with us, came out with their own specification, but
it reflected an awful lot, the philosophy of the Goddard Specification. To my
knowledge these are the first cells that have been dry stored in nitrogen. The
flight cells were activated in March of '74, The launch took place in June of '75.
The negative and positive ratio was specified at a minimum of 1.5. The excess
negative at 11 to 9.3 and ampere-hours for the precharge on these cells was 3.3
ampere-hours, The amount of electrolyte in each cell was 35 cc's.

(Slide 76)
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WEBSTER: This is a curve of typical performance data taken from the
Crare test. If you care to follow this test it is pack 7B. The mission require- *
ment is for a 36 minute discharge and a 60 minute charge at the 3.2 amp. rate
in both cases. As Stan pointed out, the mission uses a voltage clamp tempera-
ture compensated circuit and the voltage limit presently being used is 1.43 volts
and this is for 10 degrees C. You see that the clamp is reached in approximately
26 minutes and that the current does taper to 500 milliamps as Stan indicated.
This represents data taken from cycle 6,389 at Crane. The test is continuing.
We are trying to match the = we are not accelerating this. We are trying to
parallel the operation of a spacecraft. At the present time the end of discharge
voltage is running approximately 1.2 volts per cell.

(Slide 77)

WEBSTER: Someone asked do we know what the capacity curves look like
for these particular cells and did we have the classic two step? The answer is
yes. The way this test is being run is we have a five cell pack and every six
months one cell — let me start off tt ‘"5 way — on a six month interval we dis-
charge one cell. At a year interval, {iwo cells. At 18 months, three cells, and
so forth, so that we can get a measure of how the capacity is doing and still
leave some cells on the test as a control for how the system would perform
without a capacity discharge.

One thing I would like to call your attention to is that on the OSO spacecraft,
indicated by the dotted line, the undervoltage is sensed at the spacecraft buss.
With sensing at this particular position plus setting the value high it means that
the undervoltage for the spacecraft occurs at 1.17 volts per cell, This is some-
thing that we do not advocate for the obvious reason which you can see there.

On the ATS program the undervoltage is at one volt per cell. This under-
voltage on the ATS program is detected by sampling across nine and 10 cell
groups, However, the requirement for the program is that the battery be capa-
ble of supporting a 15 to 16 percent depth of discharge under a moderate tem-
perature of about 10 to 15 degrees C. and we envision absolutely no problem
with the cells' performance as required by the program.

Thank you,
Fred Betz ?

BETZ: 1 think if they continue with ATS we will have to void the warranty
for that battery pack.
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WEBSTER: 1 think they have exceeded their warranty, Fred.

BETZ: On your first slide dealing with the ATS battery cells that are
specified, if my recollection is correct, the excess — what you have there is the
excess negative requirement, was the excess uncharged negative requirement
representing the overcharge protection which does make it quite similar to the
larger positive to negative ratio cells.

WEBSTER: Thank you. That is correct.

KUYKENDALL: Kuykendall, NOAA. The data you showed on ATS, the test
data, did any of that reflect the modified test procedures for the additional cycles
of discharge and if so, do you have enough data to give some indication of the
effects?

WEBSTER: Okay. I have to put that in the proper perspective. 1 got input
from the project management at the end of August. We implemented this new
additional test regime in September, but we performed the capacity tests in
October. I just got the end point. I have not received the data from Crane and
T think what I am saying that not yet. We haven't analyzed the data. We don't
know the impact, but we surely will within six months, because we will be doing
more of this testing. We have a control pack which is the engineering cells and
now we will have this accelerated pack if you will.

Fred?

BETZ: Betz, NRL. One other thing. There were some extra cells built
and stored, dry stored, were originally designated manufactured from the same
lot and designated for a second spacecraft which did get cancelled. Have those
cells been activated and what is the intent for those, do you know?

WEBSTER: Yes, okay, As some of yon may or may not know there is a
decision made by NASA management that we would not be in the communications
business any longer. However, I hear that decision is being reversed. I don't
know whether that is true or not, but anyway, sitting out at Fairchild Industries
is a whole spacecraft, ATSF-5, almost totally complete. In conjunction with that
spacecraft, the initial battery procurement, I believe, is for somewhere in the
vicinity of 300 cells or somewhere near that quantity. The cells which were at
Gulton have been activated. The contract has been closed out. Two frost-free
refrigerators were procured and a lock and the cells are at Fairchild, They
are just being moth-balled. They are short circuited — shorted, rather. Short
circuited sounds rough. They are discharge shorted and being stored in a cold
environment. We would love to get our hands on the cells but no one will make

a decision.
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WADHAM: Wadham, Telesat. I would like to comment on this business

of measuring capacity in the minimal eclipse seasons., As many of you may know,

we have a very similar test program running on flight cells and after about six
eclipse seasons or on the 6th eclipse season we got a little impatient and wanted
to know what the cells were really doing, what the capacity really was if they
were discharged, so we discharged them all down to a level of one volt, one cell
at a time and we took the discharge curve.

The next eclipse season we saw remarkable improvement in the perform-
ance of that batch. We can't do this in orbit. The result is that we now have
about a half a volt per battery improvement in the voltage. so when you are
getting discharge from the cells to one volt in the seventh eclipse season all
except one cell, that one cell still held that voltage up throughout that eclipse
season.

This season we decided we would only discharge one cell to one volt to
measure its capacity. All the other cells are still holding up including the
seventh cell which has now gone two eclipse seasons since that reconditioning
and is still holding up, so the point I am trying to make is that if anybody wants
to measure the capacity of cells in the battery pack, that they should limit it to
one or two samples rather than the whole pack because it completely screws up
all your data if you can't compare it now with what is going on in flight, because
you have now reconditioned those cells and they just do not get back down to the
voltage that we are seeing on the flight cells and we cannot do that on the flight
cells.

WEBSTER: Thank you. This is essentially the philosophy we are follow-
ing in the OSO tests, taking one cell at a time and leaving the rest as control.
Any additional comments? Okay, fine.

I would like to introduce our next speaker as Mr. John Armantrout of
Aeronutronic Ford Corporation and he will be discussing the SMS battery
performance.

ARMANTROUT: This morning I would like to discuss some flight experi-
ence that we have had with the synchronous meteorological satellite that was
developed by what was Philco-Ford, now Aeronutronic Ford for NASA. This is
a spin stabilized satellite. We could show the first slide if we could, Gerry.

(Slide 78)

ARMANTROUT: The general design features are summarized in this
slide and later on in the minutes you will be able to review the details but the
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satellite power is provided by a cylindrical solar array in two parallel connected
three ampere-hour 20 cell nickel cadmium batteries. Could we have the next
slide?

(Slide 79)

ARMANTROUT: This will give you an idea of what the satellite actually
looks like., Could we have the next slide?

(Slide 80)

ARMANTROUT: This satellite has been designed geostationary operational
environmental satellite or GOES and some of the capabilities that it has are sum-
marized there, continuous storm tracking, cloud analysis, surface temperature
mapping, space environment, sun-earth interaction. Could we have the next
slide?

(Slide 81)

ARMANTROUT: This is a typical picture as you have seen on the evening
weather report. Could we have tre next slide ?

(Slide 82)

ARMANTROUT: The battery performance requirements that were origi-
nally stated or as are summarized here, we have a main buss battery load of 35
watts per battery. Our discharge voltage range is 28 to 23 volts. Our maximum
depth of discharge is 60 percent of the rated capacity. Our peak discharge rate
is 25 amps. The maximum discharge time, 1.2 hours or 72 minutes. We have
a planned five year mission that would be 440 cycles and our operating tempera-
ture range is from five to 28 degrees C. with approximately 138 days between
seasons, The actual weight of the battery, we indicate 7.9 pounds maximum but
it weighs approximately 7.5 pounds. Could we have the next slide?

(Slide 83)

ARMANTROUT: This is a picture of the battery assembly itself. You can
go ahead to the next one, please.

(Slide 84)
ARMANTROUT: This table you can review in more detail in the minutes,

but it summarizes some of the design stresses and factors of safety in the bat-
tery assembly. Could we go to the next slide?
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(Slide 85)

ARMANTROUT: Our typical temperature profile, with time, is shown in
the upper curve. You can see that as we enter eclipse we go from a range of
25 to 30 degrees C. down to as low as five degrees C. and then as we exit eclipse
and get back into charge, the temperature comes back up. The power dissipation
is plotted on the lower curve and again you can review these in more detail in the
minutes. Could we have the next slide please?

(Slide 86)

ARMANTROUT: Here I have summarized for the flight batteries that were,
if I can get over here - this is capacity data where we have 100 percent of the
rated capacity which would be three amp-hours. We are plotting from 30 to 90
degrees F, and our screening data for the batteries, for the cells, I have plotted
the mean capacity value with temperature and you can see as you approach 90
degrees F. we are getting down to approximately the rated capacity of the hat-
tery. At the operating temperature range we are probably about 130 percent and
this represents a pretty good summary of our capacity of this cell. Could we
have the next slide ?

(Slide 87)

ARMANTROUT: This slide summarizes for the first two spacecraft, SMS
I, we have here our battery voltage and I have indicated the average cell voltage,
as we go through eclipse, and although there are ups and downs on SMS I, that
satellite has been operated in a different mode other than what was originally
designed, but the typical profile here. We also have some Crane data which
represents a similar cell lot as was used in the SMS I satellite. Why don't we
go to the next slide.

(Slide 88)

ARMANTROUT: Here you can begin to see in the second season the SMS 1
which is operated at a deeper depth of discharge throughout the eclipse and we
are still maintaining approximately 1.17 per cell on that satellite and then on the
second, SMS II, we are up around 1.2 volts, This shows some of the degradation
that takes place when you do cycle at deeper depth of discharge as you approach
60 percent DOD. Could we have the next slide, please ?

(Slide §9)

ARMANTROUT: This is the most recent season. One comment that 1
might make about eclipse seasons, I find that in reviewing life test data and
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orbital data that by the third or fourth season you have pretty well bottomed out
as far as the trend down. Your voltage degradation is going to occur, will occur
in the first, I would say, three or four seasons and then it should be pretty stable
thereafter. Could we have the next slide?

(Slide 90)

ARMANTROUT: This is a typical discharge plateau near the max. eclipse.
I have the SMS I curve in the center here. This is our life test of a cell repre-
sentative of the cells used in that satellite and then after five years of cycling
you can see the lower curve represents unreconditioned degradation that you
might expect. That basically is my presentation. Are there any questions? I
would be glad to answer.

FORD: Leave the slide on. It is hard to see from the back of tke room.
Can you make it any larger ? Is that better from the back of the room? Okuy.
All right, do you want to turn the lights on?

WADHAM: What type of cells are these and secondly, why did you have
so much variation in the end of discharge voltage on these curves on SMS1?

ARMANTROUT: It is an Eagle Picher cell and perhaps Laverne Kuykendall
might comment on that from NOAH. The operation of that satellite has been dif-
ferent. Vern, do you want to comment on that?

KUYKENDALL: Yes. Kuykendall, NOAH. The reason for the difference
in the voltages, the actual depth of discharge we obtain on any given day is some-
what random. We are operating the satellite in a mode where we have to keep
our S-band transponder on in high power due to possible failures at cold tem-
peratures. The satellite was not designed to operate in this mode and we have
to play several games in order to try and keep it as warm as we can while also
trying to maintain battery constraints., The techniques that we use are not very
accurate and you get a certain amount of randomness in the depth of discharge.

In addition, we are also trying to maximize the amount of data that we can
obtain during the eclipse so we are pushing it. We plan to go to somewhere
around 55 percent every day of the eclipse and the randomness comes in. We
have reached a maximum of 63 percent I believe it is and some days it is a8
low as, say 45 percent, so that is it,

One other thing I might mention, we have also used these batteries as was
mentioned earlier on the ATS, We have aiso used these batteries outside of the
eclipse periods to support operations and have gotten into them 15, 20, 30 per-
cent depending upon the satellite and -
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FORD: I would like to follow up on his comment, a more general comment
from our viewpoint here at Goddard. Typically, we find a case where the battery
demands usually go up for operational reasons. Now we can sit here and be cur-
fous as far as battery engineers but we also have to face reality once that satel-
lite is up there. The satellite program office usually is faced with some very
crucial choices, particularly if they have a component that is subjected to failure.
They are trying to maximize the useful life of that satellite and it might not be
conducive to the useful life of a battery, so therein is where the trade-off begins

so in keeping with what was said yesterday, it seems like there are inconsistencier.

sometimes when we look back on these meetings, and yet I think there is a lot of
consistency in what is said, Basically, that we are trying to produce the best
cell we know how. We are trying to get the best cell we know how from the man-
ufacturer in order to be able to have some degree of margin in these unknown
situations and believe me, unknown is a lot morc frequent than the known.

KRAUSE: Krause, Hughes. On that last slide of yours you showed a five
year curve. Is that a test curve or an extrapolation?

ARMANTROUT: That is a test curve. We have simulated on an accelerated
basis the eclipse profile and that was the discharge characteristic at the maximum
eclipse,

KRAUSE: What kind of acceleration do you do?

ARMANTROUT: What we do is we do a regular 24 hour cycle but we do
not simulate the solstice period. Paul?

GOLDSMITH: That five year test, there was no reconditioning.
ARMANTROUT: Right.

GOLDSMITH: That was about 60 percent depth of discharge?
ARMANTROUT: At maximum eclipse.

GOLDSMITH: Well, I think Scott maybe later on may be showing some
data on higher depths of discharge and Floyd Ford was mentioning the fact that
the battery may experience more loading than originally designed for and we
have some data which shows — and I don't know whether there is anytliing magic
about 60 percent or 70 percent, but at least we have a lot of data which shows
that when you go from 60 percent to 70 percent there is a different ballgame
with respect to the cell characteristics, that a lot of the data that we have had
at cell discharges that are somewhere around 70 to 80 percent depth of discharge
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ARMANTROUT: I would reinforce that, In fact, to answer Paul, I elieve
that as you get above 60 percent DCD, depending on the depth of discharge on the
negative, we normally talk about depth of discharge in terms of the positive elec-
trode, but I think the real answer here is the depth of discharge on the negative
as far as the voltage degradation is concerned and Don Briggs will be comment-
ing on that a little later.

ROGERS: Rogers, Hrghes Aircraft., Just a brief comment on what you
just said; in tests we are doing on nickel hydrogen where we don't have the same
negative electrode, and this was 72 percent depth of discharge with a four hour
cycle, we saw some voltage fading after a while which was helped by a couple of
capacity tests, so in that case, of course, it couldn't have been the negative.

WEBSTER: Thank you. Our next speaker will be Mr. Donald Briggs from
Aeronutronics Ford Corporation. He will be delivering the talk for Mr. Ronald
Haas of the same firm and the topic will be the NATO III battery performance.
Don?

BRIGGS: First of all, I think Ron would like to be here to give this pre-
sentation himself and I am a mediocre substitute for Ron, but I do want to make
a few comments on my own, particularly relative to the ultimate statement made
by Mr. Krause,

The marriage of science and practicality has got to be engineering, and
don't lose sight of the fact that our ultimate objective is to build hardware and
to build it at the lowest cost that we can to meet the requirements of the mission.
1 want to make a statement relative to cost because ccst is what we are dealing
with. Cost to a particular mission may be weight. It may be reliability de-
gradation. It may be complexity. It may be dollars. I have yet to work on a
spacecraft where it was dollars. It is always weight.

The main thrust of our synchronous satellite development programs at
Aeronutronic Ford has been to maximize the weight gain potential to the pay-
load by a reduction in the power subsystem weight and still maintain a high
reliability, high performance system.

With that, I would like to present part of the development of the NATO III
battery which is an extension of the battery technology demonstrated by Mr,
Armantrout. John and Ron Haas have worked long and hard to develop this
lightweight technology with the great cooperation of Lee Miller from Eagle
Picher who I feel now is making a very reproduceable, high performance, light-
weight battery cell that we hope to even improve on still. If i may have the first
slide, please, I will show you a picture of the NATO III battery which the simi-
larity to the SMS battery will be obvious.
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indicate that the end of discharge voltage curves are quite different and that you
begin to really need reconditioning and that at the higher depths of discharge you
need reconditioning down to zero volts as opposed to one volt per cell.

So I guess Floyd's comment just turned me on about the fact that we ire
talking about 60 percent but I think we should all realize or be attuned to the
fact that we talk about higher depths of discharge, assuming that all cells work
approximately alike and where we have tested a lot of different cells from dif-
ferent manufacturers we see this repetitive pattern. As you go into your 75 per-
cent depth of discharge you need reconditioning and at the higher cell DOD you
need reconditioning at zero volts in order to get performance and maybe Scott
will be showing that later on.

ARMANTROUT: Yes, I will comment on that. Okay, Fred?

BETZ: Betz, NRL. I guess my concern with depth of discharge up in the
order of 80 or 90 percent would be what Floyd would say. If ynu plan on those
numbers to begin with what happens when the spacecraft cperational people get
a hold of it and want to go a little — you don't have any margin left. You are
already reconditioning. You are right at the hair's edge.

FORD: Let me make one comment along that line, Paul. We talk about
reconditioning, We talk about the improvement of voltage limits, Coming back
with some information that was presented yesterday, it is my firm belief that
reconditioning, the need for it, is being built right into the cell. Now when
you look at what happens when you try in the near-earth orbit test yesterday,
when you try to get the capacity out, it is not there and it was related to the
electrolyte starvation, so as a conjecture on my part, I have seen indications
that the capacity to one volt, if the fall-off of that is electrolyte management
problems, and that if we can get more electrolyte in the cells we are going to
see that these cells will last longer or the capacity degradation of one volt is
going to be less than what we are seeing now.

Now the second part, the voltage degradation, I have not seen any indica-
tion that that softening and degrading of the discharge voltage is going to be
enhanced by more electrolyte, so I am suggesting that we look at two funda-
mental mechanisms which may be interrelated but indeed are different, that the
capacity loss that we are experiencing, whether it be near-earth orbit or syn-
chronous orbit, is very dependent on eloectrolyte. Where there is a voltage loss,
it is going to be reflected in a capacity loss too, but in cell tests where we in-
crease the electrolyte level, we have seen the lower platcau come in but we
haven't seen the capacity loss, so I am suggesting that the voltage plateau, the
voltage degradation, is perhaps a function of the negative electrode. The capacity
degradation is a function of electrolyte starvation.
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Slide 91)
BRIGGS: The next one.

(Slide 92)

BRIGGS: This battery is a 20 ampere-hour rated battery delivering around

25 ampere-hours with an energy density of 22.4 watt-hours per pound based upon
actual capacity. If I may have the next slide, please.

BRIGGS: This slide presents some of the data, and as I present this data
I recognize the difficulty of following it. It will he presentcd in the proceadings
and we will be glad to discuss it on an individual basis if you have questions.
The main features of the Lattery cell are that it uses standard state of the: art
electrochemical technology. We use a thin stairless steel case with a dual
ceramic seal. The battery assembly is 20 cells in parallel and I am going to
skip through this.

SPEAKER: Series.
BRIGGS: What did I say?
SPEAKER: Parallel.

BRIGGS: I am sorry. I am trying to read and talk too and I shu: 1dn't do
that.

The current status of the battery is that the flight qualificatior tests have
been completed. We have five years of life test performance which is identical
to the synchronous orbit cycle testing that John described for the SMS ce¢lls in
batteries and I have got a little bit of data to present. Flight hardware produc-
tion includes 14 assemblies that have been built today which is pres.nted te
establish the fact that this is a production item.

(Stide 93)

BRIGGS: The next slide presents the development of the lightweight tech-
rology. The first battery was our Skydent (?) I battery with the ccnventional
vackaging design. We then went into the SMS/GOES type battery which used the
structural design that we are currently pursuing, producing a 5.8 watt-hour per
pound at 60 percent depth of discharge and this is a usable energy density.
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The following battery was one built for NASA Lewis which showed the
adaptability unversality of this design and that it was a 16 cell battery for a
specific mission, one of the advantages of the design.

(Slide 94)

BRIGGS: The next slide shows an NRL battery built for Fred Betz using
six ampere-hour cells with 22 cells in series and the total weight of this battery
is 13.75 pounds producing a battery with about an eight percent packaging factor.
Again, the main emphasis has L.2en on maintaining the standard electrochemical
technology or the state of the art using the best available while minimizing and
doing our engineering design. Mechanical engineering of the data, I feel, is all
important.

The final, the middle picture there, is the one that I showed you originally,
the NATO II battery which we have had a fantastic success with to date using the
lightweight cell container. This was our main breakthrough here. We went to a
thinner can, got rid of what we considered to be dead weight for a synchronous
orbit application and tried to design a battery with the synchronous orbit re-
guirements as guidelines for mechanical engineering. The same technology is
being used producing 11.2 watt-hour per pound, 60 percent depth of discharge,
which has been verified by our flight test data for a commercial program.

(Slide 95)

BRIGGS: On the next slide we project our hopeful developments. The new
design that we currently have has reduced the depth of discharge to 55 percent
using an advanced lightweight container design, 39 it is a much larger battery.
We are hoping to still further enhance the cell container design itself.

Now we hit the advanced designs and this alludes to the question that John
answered relative .0 35 percent depth of discharge on the negative electrodes.
If you will notice in what we project, the AFC-7 design, we are looking in our
R & D studies at Ford at something like a 2-1/2, 2.5 negative to positive capac~
ity ratio and I will give you some more information on that just a little bit later.

If I can revert now to the NATO III cell the next slide will present the data

on the cell that Eagle Picher has built for use and which we are producing in very

reproduceable manner today in relatively large quantities.

(Slide 96)
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BRIGGS: The most impressive thing is the weight, 583 grams. The lower
portion of the test data verifies that the tests that we have done in-house matched
those provided by the manufacturer, Eagle Picher.

(Slide 97)

BRIGGS: The next slide I don't even expect to go through except io show
you that every component in the battery pack has been analyzed structurally,
thermally, and our engineering design has been relatively complete. It is of
interest to note that the factor of safety is very low and if we try to optimize
the design we must live with low design margins. We are trying to squeeze
everything we can out of the battery package and this is where I feel engineer-
ing takes over and utilizes the data generated from science.

(Slide 98)

BRIGGS: The next picture shows the temperature profile predicted for a
maximum eclipse on the NATO III program with the equilibrium temperature
during overcharge in the neighborhood of 21 degrees C. or 70 degrees Fahren-
heit. The lower temperature of 40 degrees F. is controlled by heater assembly
which is an integral part of the battery and utilizes the electronics in the power
control unit for control. The main emphasis is to try and limit the temperature
range which brings another point that I would like to make. As we design the
batteries and put on the constraints that the battery people and the battery cell
technology provides, you can't lose sight of the fact that it is a functional part of
a big system snd you have to evaluate the penalties you pay and in a synchronous
orbit spacecraft these penalties are weight, power, power consumption, and one
of the main things we must try to do is to find out what the minimum charge cur-
rent is to adequately return the charge during the synchronous orbit, thereby
minimizing the impact on the spacecraft, plus the thermal power required.

(Slide 99)

BRIGGS: The next two slides, and if we will go through them slowly, show
a hell of a lot of data that only is worthwhile if you sit and read it and what I
would like to do is go over to the next slide —

(Slide 100)
BRIGGS: - and state that after all the tests that are up there which were
done on our development program, the capacity of the battery is 24.7 ampere-

hours, very close to the original capacity that we had before we started the de-
velopment tests. Included in this data is things like insulation, resistance,
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impedance measurements, all of the typical standard battery type performance
measurements and I think that you will probably find them useful when you get
the proceedings of the conference.

(Slide 101)

BRIGGS: The next slide shows the results of our synchronous orbit life
cycle data after nine eclipse seasons. Our capacity is holding very constant. I
would like to point out relative to an earlier comment, that the battery consists
of 20 ¢ells. At every other eclipse season cells 11 through 20 are — the capacity
on cells 11 through 20 is measured but not on one through 10, thereby we have a
comparison of this effect of measuring the capacity and the numbers in the upper
line across the top represent the cell voltage differences observed between cells
11 through 20 and one through 10, and there is a noticeable difference in cell
voltage at the end of discharge at our maximun eclipse period.

Without further ado, I think I will go on to the advanced designs.
(Slide 102)

BRIGGS: The next slide shows some results of an R & D study that we
currently have going on at Aeronutronic Ford. The curve on the left represents
a conventional design with a negative to positive ratio of 1.5 and a review of the
results indicates that we can expect a usable end of life watt-hour per pound
based upon a 20 cell 20 ampere-hour battery for a typical long life synchronous
orbit mission of about six watt-hours per pound or a maximum design potential
of around 50 percent DOD. Using the advanced design we can increase the
energy density as high as 12 watt-hours per pound and still maintain the same
depth of discharge on the positive electrode with the negative electrode experi-
encing 34 percent DOD.,

With some of the advanced designs the six and seven, the intermediate
curves, by maintaining the same depth of discharge on the negative and these
are paper studies, gentlemen, I am not - theoretically with a negative to positive
ratio of 2.5 we can expect somewhere on the order of 15 to 16, 16-1/2 watt-hours
per pound usable density with a positive electrode depth of discharge in the range
of 85 percent which we feel is really the design goal.

(Slide 103)
BRIGGS: The next slide presents the objectives of our R & D program

which I have sort of alluded to all of the way through this presentation, is to
optimize the energy storage for synchronous orbit missions with a seven to 10
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year life time, improve the component reliability, and try to increase the energy
density as much as possible to maintain good engineering.

The design approach is to select positive electrode depth of discharge in
the 70 to 80 percent range and we use as a basis for this work the NASA-Crane
data. Limited negative depth of discharge to 35 percent which we feel has been
demonstrated, increased the negative to positive ratio and maintained standard
plate loadings, which I feel is very important, and to evaluate the elecirochemi-
cal electrode process which we have discussed in rather detail yesterday.

If we do those and we hit the design numbers that we are anticipating, we
will produce a battery that will have an equivalent energy density and this is the
energy out compared to a standard battery design or a typical conventional bat-
tery design of about 35 to 36 watt-hours per pound which is our goal.

(Slide 104)

BRIGGS: The next and final slide shows the results of our analysis on the
weight savings to the spacecraft as we go from one design to the next, starting
with the conventional design for a one kilowatt battery in the neighborhood of 200
pounds with the lightweight ni-cad battery that we feel is at about 100 pounds
operating at a depth of discharge of 50 percent could be achieved. Using our
advanced lightweight nickel-cad technology we can gain another 20 pounds, so
that the battery will be 80 or we will have 120 pounds of spacecraft payload
capability, an increase of about 120 pounds on a kilowatt system. The upper two
are comparisons of the nickel hydrogen and silver hydrogen which serve as a
reference and I think will be discussed more fully this afternoon.

That concludes what I have to say.
Stan?

KRAUSE: Krause, Hughes. I would like to offer what I think perhaps might
be some perspective on these developments. I think Don and Ron Haas are to be
commended for developing some new technology and getting out in the forefront
in thinning down cell cases and doing battery engineering at the battery level.
Two things, as I say, just as a perspective, this information, No. 1, with regard
to the accelerated life test extrapolations, we have run both five year real time
tests and five year accelerated tests and I find it difficult to see a reasonable
correlation from the five years of accelerated tests to five years of real time.

I am sure you know that things happen during long solstice periods and on a real
time basis that do effect the outcomes of those extrapolations from the acceler-
ated test.
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Secondly, I guess the NATO III batteries are operated at a 30 percent DOD
in the system and with a 22 watt-. our per pound battery weight, that is about six
watt-hours per pound effective energy density. The state of the art for commer-
cial communications satellites for five to seven year operation is 60 percent
DOD. On most of them, and we run fairly conventional locomotive type batteries
at about 14 or 15 watt-hours per pound for an effective energy density of about
nine watt-hours per pound using the state of the art today. I just say this for

perspective.

BRIGGS: 1 would agree with everything that Stan says and as I pointed out
in the development in our commercial programs the NATO IIl battery is operated
at 60 percent DOD with an effective energy density of about 11.2 watt-hours per
pound at 60 percent and this is usable energy density.

GOLDSMITH: Okay. Goldsmith, TRW. There are so many numbers that
have been tossed around .n the past few minutes that I am confused. Are ycu
saying that you have a design for NATO II that appears to be able to survive
five years at 60 percent depth of discharge or 45 or 30?

BRIGGS: That is correct. I am saying that I have a design of the NATO
I battery based upon the life test data that we have to date which is not as con-
clusive as I would like, that I have committed to a flight program at 60 percent
DOD.

GOLDSMITH: But Stan was saying something about NATO III flying at
30 percent,

BRIGGS: The NATO IO spacecraft is designed for a 45 percent depth of
discharge with one battery failed. It is a three battery system which results in
a 30 percent depth of discharge design requirement imposed by the customer.
The test results, the SMS battery which uses the same electrochemistry, has a
little heavier case, is actually flying at numbers that Vern Kuykendall reported
at 65 percent depth of discharge for a slated five year mission with some per-
turbations, 1 think that Stan's comment relative to the stand time is very im-
portant. It is something that we don't know too much about and we as engineers
should know more about. Vern asked some questions yesterday that I think are
somewhat embarassing to us. "Hey, I want to use the battery for a 10 percent
depth of discharge once every 10 days. Give me some data that says either it
is good or bad." 1 can give you data that says it is good. I can give you data
that says it is bad. You take your choice.

GOLDSMITH: Okay. Your numbers are very interesting for two reasons.
First of all, if that technology proves successful, both for real time testing and
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so on, the weight numbers are very compatible to what people are projecting for
nickel hydrogen and there are a lot of dollars going into nickel hydrogen and —

BRIGGS: Thank you, Paul.

GOLDSMITH: The numbers you are projecting for advanced development
cells are even lighter, larger energy density than what people are projecting for
nickel hydrogen, so that is very interesting.

The other interesting thing is, of course, that NASA is standardizing on a
cell which is like 1/2 or 1/3 as efficient as the technology you are working on
right now,

BRIGGS: I don't want to comment on NASA's standard. I have, as you do
and Stan does, have a variety of customers. There are some — I think that the
customer philosophy is critically important to what we propose in our proposals
and what we build. The degree of conservatism, the objectives that they operate
to, the criteria that they are after, are important considerations when we design
a power subsystem. You know as well as I do that the Air Force philosophy of
design which is in the documents, is substantially different than the requirements
for a NASA mission and we have to know those as complaint suppliers to our
customers, so —

BARNETT: What vibration level did you qualify that NATO battery for?
BRIGGS: Do you have a number, John?

BARNETT: In random vibrationr,

BRIGGS: 18 GRMS,

BARNETT: GRMS. Is there any spectral density, G, per G?

BRIGGS: 1 haven't looked at that data in over a year so I really can't com-
ment on that, I would be glad to supply the answers., Can we have your name ?

BARNETT: Mine? Barnett, Rockwell.

BRIGGS: I am sorry I can't answer the question. John is the battery engi-
neer and he has got numbers but —

BARNETT: How about the lightweight?
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BRIGGS: The advanced lightweight or the NATO III design?
BARNETT: Advanced.

BRIGGS: The advanced lightweight is currently under development and has
not been tested. Floyd?

FORD: Don, would you care to comment on the technology that is being
utilized to get the advanced lightweight? I mean what basically is being improved
or being done to it, in general terms? I don't mean specific details. I am con-
fusing the lightweight with the NATO. You are talking about advanced now and
you have gone through and you have really shaved weights and you have really
optimized a lot of mechanical parameters that probably should have been done
years ago, but now beyond that point what is advanced? Are we talking about
new technology or are we talking about just applying present technology ?

BRIGGS: Floyd, I think the answer is both. I think we are taking, and this
is Ron's work predominantly, and it is work that is going on right now. He is
looking very carefully at the relative merits of the positive-negative ratios, the
depth of discharge on the negative plate and trying to maintain that constant look-
ing at some of the data. As I pointed out, this is paper study. It is R & D work
that we are doing to try and figure out where we can go from where we are now.
We feel we have gone a long ways.

FORD: But is there new electrode technology involved? Is it something
being done that we are not doing today?

BRIGGS: No.
FORD: Okay.

KLEIN: Klein, Energy Research. What is the basis for trying to freeze
35 percent depth of discharge on the cadmium electrode as being the limiting
design criteria?

BRIGGS: Marty, we are not. t{rying to freeze it. That happened to be a
number that as we reviewed the d: ta from Crane and reviewed data from test
programs that had shown success: 1 results, that nuimber kept coming out from
the positive to negative ratios of actual measurements. Again, maybe John
would like to amplify on that. I am not that conversant on the answer., John?

ARMANTROUT: Armantrout, Ford. It is the result of a study that we did
where we knew certain types of cells had certain negative to positive ratios.
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Those cells were life tested and it is not all of our data either, and some of the
data that I am aware of through various means, but we did find a common factor
in successful tests was this number, 34, 35 percent DOD. We are not saying
that you can't go more than that. We are just saying that that is data that we
believe at this point in time. It has proved successful. I believe we could prob-
ably, with the proper test program, perhaps go more.

BRIGGS: It is just a result of reviewing the data and it kept coming out.
It is the result of Ron's personal evaluation of the data and John trying to bring
some light to bear on what the parameters are that we could improve with the
ultimate objective of improving the energy, usable energy density.

DILLON: Dillon from JPL. I have got a question about your NATO Il
design. I really can't see it too close because we are so far back here, but a
guestion I have got is regarding the thermal control of the design that classically
with batteries, aerospace, spacecraft batteries, you are conducting heat or radi-
ant heat exchanges. Do you do the same, is the same concept there? It really
isn't clear by looking at it because of the end caps that you have that are tied
with bars.

BRIGGS: The intercostal members between the cells, the battery is com-
posed of groups of four cells built around a T-fram member, which is a thermal
design conductor to the baseplate for radiation and heat transfer purposes. The
thermal control on the low end is controlled by heaters applied to that end plate
whict is controlled by temperature sensors to try and maintain the low end and
we thermally designed by radiation coupling to the spacecraft the high end.

DILLON: How do you control your conduction between cells? Is there
any —

BRIGGS: That is part of the design and the conduction between cells, to
have these intercostals or T-frame members with the four cells mounted on each
side of the spin to conduct the heat to the base. It provides a very uniform cross-
sectional temperature variation across the battery. Stan?

KRAUSE: Krause, Hughes. Oncc more I would like to interject my own
point of view. We spent yesterday afternoon trying to decide how best to proceed
on problems with state of the art celic because we are all concerned that they
don't live long enough to satisfy some of our requirements, and one of the things
we are concerned about over a long haul like five or seven years is plate swelling.
It appears to be a function of depth of discharge and inter-electrode space is
critical as a result of the plate swelling, as a result of the need to retail elec-~
trolyte in the separator and as a result of the need to pass gas through it and 1
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would express some concern that if a cell case is thinned down too much that the
mechanical compression on the cell over a five or seven year period with the
plates inside swelling and squeezing the separator, one must be very careful in
watching out and looking at the interelectrode space. Eagle Picher plates -

Lee Miller is here. I am not trying to say anything nasty, LLee. Everybody's
plates swell. Eagle Picher plates do swell like everybody else's and I would be
concerned about trying to squeeze down too hard on the cells,

WEBSTER: Fred?

BETZ: Betz, NRL. Iwant to make a statement that kind of ties in with
something Stan said earlier and the gentleman from JPL said and you have, that
the design you had for NRL essentially could not be used in the NRL spacecraft
because the design concept the battery has was not brought into the spacecraft
at the very beginning and the thermal control system couldn't tolerate it. We
were mounting it on a honeycomb and we couldn't get the laterial heat transfer.
We have got boxes mounted around it with various dissipations and where that
battery was located in the spacecraft it literally had to have its own physical
thermal mass to transfer heat back and forth between the cells to get a uniform
temperature. You have got to take a design like this and get it into the space-
craft right in the beginning and let the tail wag a little bit to do it, to take ad-
vantage of the light weight. Otherwise you are putting the weight right back in
for thermal control.

BRIGGS: That is true. Anyone who loses sight of the fact that a subsystem
is a subsystem or a battery is a battery unto itself, what we are building is satel-
lites and satellite systems and the system approach to the whole satellite is ex~
tremely important.

WEBSTER: Can we limit it to two more questions? We have 16 speakers
today.

BRIGGS: Yes. I am aware of that. Dr. Maurer?

MAURER: Maurcr, Bell Labs. Would you define just what vou mean by 35
percent depth of discharge on the negative? Are ycu referring to measured ca-~
pacity, theorctical capacity, and 35 percent of what?

BRIGGS: John?

ARMANTROUT: Measured capacity and the 35 percent would be based on
that, the flooded capacity test.
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MAURER: Is it 35 percent in the cell in the discharge state?

ARMANTROUT: If you vent a cell and flood it and overcharge it and then
go into reversal until you see minus 1-1/2 volts and measure that capacity, that
is the excess negative that we are talking about taking 35 percent of it.

PALANDATI: Charlie Palandati, Goddard. There is one area here that
you mentioned a few minutes ago that it is weight, not dollars. 1 think you will
find it is dollars and that goes back into the launch vehicle required to put that
satellite in orbit, such as GOES was mentioned. GOES flew on a Delta vehicle.
That Delta vehicle required two 21 ampere-hour silver zine, two 15 ampere-
hour silver zinc, three ampere-hour silver zinc, and a half ampere-hour silver
zinc battery to put that vehicle in orbit. You find that the Delta vehicle nas been
used for 105 missions and it is not just simply that we design a satellite now that
is 20 pounds overweight. We won't use the Delta. We will now go to a Titan missile
or something like this because the cost of that Delta is essentially looked at as a
standard launch vehicle. If one looks at the net generation of rocket to put the
satellite in orbit and looks at the actual cost it increases by factors of three,
four, and five, and this is why the weight is so critical in every satellite because
of what the capability of the launch vehicle is.

BRIGGS: Yes, my point was that it was not the cost of the battery. It all
reflects back into dollars. Mr Dunlop's statement yesterday looked at the oper-
ational dollars for lifetime, the dollars for launch. It all relates to dollars. It
all is a cost, whether you pay for it in reliability, whether you pay for it in weight,
whether you pay for it in performance. It is dollars and that is the business,
gentlemen,

Thank you very much,
WEBSTER: Thank you, Don,

Our next speaker will be Dr, Will Scott substituting for Dick Sparks from
TRW and according to my information there will be three separate systems dis-
cussed. One will be fleet SATCOM, One will be the M35 bhattery and the last
will be the one kilowatt battery design. Dr. Scoit?

SCOTT: As advertised, I am going to present test data and some orbital
data for actually four different kinds of batteries, one in addition to the one that
Bill mentioned, a second — the M35 is an Air Force spacecraft system and one
other Air Force system will be included in the presentation.
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SCOTT: FirstI will start with ground test results. The first system that
I would like to talk about is the fleet SATCOM satellite system which is still in
the manufacturing stage and has not as yet flown. The testing that I would like
to describe is that of a life test of two half hattery packs. The battery consists
of 24 cells in total so each of these packs was a 12 cell pack and this graph
which I won't need to belabor here. You can look at it in the preceedings. It
describes some of the details of the life test. It is a condensed time accclerated
test, seven to 15 degrees base plate, two different depths of discharge have been
used, onc during the early part of the test to indicate the design nominal and a
higher level 75 percent to simulate a one battery failed situation, increasing the
depth of discharge arbitrarily during the test.

Most of the sunlight, continuous sunlight periods, this is a synchronous
orbit application, most of the sunlight period was omitted and capacity measure-
ments were made only during reconditioning discharges on the one pack that was
reconditioned and I will talk about that more in a minute. Charge control is con-
stant current, essentially constant current charging to a temperature compensated
limit which is adjustablc over a wide range by command in the actual satellite.

In order to simulate the expected temperature profile on the battery, the
baseplate temperature had to be driven with a controller to simulate actual
spacecraft platform conditions.

{Slide 106)

SCOTT: This is a plot of some data from during the first eclipse season
of the life test on one of the packs and I just wanted to point out that the heavy
dashed line shows how the baseplatc temperature was programmed to simulate
the platform femperature projection and the dotted line is, then, an actual cell
top temperature profile as measured and the upper curve is the pack voltage
obtained at that particular time.

Now, what I am going to discuss primarily are two types of data. One is
the minimum end of discharge voltage observed during the longest discharge of
cach eclipse season during these life tests.

(Slide 107)

SCOTT: This is plotted here on a semi-log plot for cach of the two packs.
The semi-log plot is shown here becausec during the carly part of the test it ap~
peared that the voltage plot was nicely linear on a semi-log plot. As vou can see
at this point where the depth of discharge was increased to simulate a failed
battery, the plots no longer were linear on a semi-log scale, but still we retained
this particular plot to show that difference.
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As you can see, this lower solid line represents the data from the pack
that was not reconditioned at any time during the test and just continued on until
it finally reached a one volt per cell point which was the lowest acceptable volt-
age for that program apnlication and at that point the battery, that particular
pack was discontinued.

The upper dotted curve shows the results of the pack that was reconditioned
between each eclipse season. Now, two different types of reconditioning were
used during this test on pack B, as it is called up here. Up until after the 12th
eclipse season the battery was discharged down to approximately one volt per
cell using the constant power load that used during thenormal test and that was
the extent of the reconditioning. Subsequent to this point the battery was, that
pack was reconditioned by pui '~.r a resistor on the pack and allowing the pack
to discharge down to below one "rolt at the pack level and two different things may
be pointed out here. One is the difference between the two packs with the type of
reconditioning used initially on pack B and one gauge of that difference is that if
you look at the difference in the effective cycle life or actual equivalent years in
orbit there is a difference down here at around 1.1 volts per cell of almost a factor
of two in the life expectancy based on the number of eclipse seasons completed.

These points up here now show what the end of — minimum end of discharge
voltage was following the type of reconditioning involving discharging at a rela-
tively low rate down to a very low voltage at the pack level and obviously a very
marked increase in the voltage performance was obtained out here and you will
note that at this point that completed 20 eclipsec seasons which is equivalent to,
without talking about real time yet, 10 years in a synchronous equatorial orbit.

However, it is obvious that without the change in the approach to recondi-
tioning that was implemented at this time, that the performance of this other
pack here was even with the type of reconditioning used initially, was heading
for the bottom and would probably not have lasted very long, although I would
not expect neccssarily that this curve would just continue straight down. 1 be-
lieve it would probably have gone down and leveled out somewhere down here
but we don't know where,

A couple points here might be made, One is that it apr.ears that if recon-
ditioning is of any basic value that first of all, a different ajproach to recondi-
tioning is needed for deep discharge applicationr and I am talking about anything
over 50 percent of that order of magnitude, then is required for, say, depthe of
discharge below 25 percent and below, which are more typical of a low-earth
type application. It looks like the effects, the need for reconditioning, the meeh-
anism for reconditioning, and its benefits are different at the high depth of dis-
charge than they are at low depth of discharge, so you can't compare too precisely
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the results obtained by reconditioning in a low-earth orbit and reconditioning
under test conditions such as this without being very careful of what you are
talking about.

Then in addition, it appears that reconditioning of a battery with relatively
few cycles is a different ballgame than reconditioning a battery that has been
heavily cycled. Different methods, different voltages, different approaches are
required. To be more specific, usually reconditioning by discharging down to
the order of one volt per cell or .9 volts per cell is quite adequate to give very
nearly — a very good recovery when the cell is fairly new, has very few cycles.
However, after cycling of the type especially involved in this type of a test, re-
conditioning to that voltage has relatively small effect and you must take the
battery down to a lower and lower voltage as the condition of the battery becomes
more and more heavily cycled.

I believe that some preliminary results of discharging the battery to a very
low voltage were presented last year at this meeting. I just want to say once
again, for those of you who might be wondering what is happening to the cells t). :
are presumably being reversed while these series strings are discharged to a
low voltage, the point is that we have determined th1t if the rate can be kept low
enough that the cells will not increase in pressure significantly during this kind
of a discharge. By "significantly' I mean to above, say, the order of 40 or 50
pounds pressure, and the rates that appear to be suitable for most cells that we
have tested so far are in the iange of C/100 ou down so ordinarily in a synchro-
nous equatorial orbit one has plenty of time during eclipse seasons to utilize a
very low rate of discharge. We are not saying that you would, in an ordinary
operational spacecraft, you usually have to have more than one battery in order
to be able to implement this because you usually need at least one battery fully
charged all the time during eclipse seasons, I mcan during solstice seasons in
order to imj:lement emergency procedures or do fa..lt clearing and so forth, so
the general approach that this information supggests is that, say, if you have two
or three batteries on the line, that you can take your time, discharge each one
sequentially down, bring it back up, and go on to the next one and you do this
generally whenever it is convenient betwcen eclipse seasons.

(Slide 108)

SCOTT: Now there is always a question what is the capacity be yond the
normal usage conditions? As I said before, we did not measure capacity under
full load conditions in this test, but for general information, this is a plot of the
capacity to an average of one volt per cell during the reconditioning discharges
that were used betwaen eclipse seasons on pack B and you can see that during
the use of the first type of reconditioning the capacity declined down to a low
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point of 22 plus, 22.6 ainpere-hours and then on the first time after the battery
had been reconditioned to a very low voltage, the capacity measured began tc
come back up and then on the secoend time it was ail of the way up to 28 ampere-
hours and then it began a decline as shown here.

Now, an interesting point, again, here, is that thcse three points down here
it was found out later, were obtained when the temperature of the beseplate dur-
ing the cycling was about two degrees nbove what it was criginally set for and
had operated on during the rest of the test. Our only ~xplanation for this dis-
placement is that this is the ctfect of two degrees difference in temperature on
the baseplate. Now that is sort of hard to swallow but that is the best explana-
tion 1 can offer you right now. There :nay have been something clse going on
but when we returned the bascplate temperature back to the original value this
was the final point that we obtained during the various capacity measurer s,

1 am told that I have to condense some of this material so you will sce
some of it in the procecdings but I will leave out a few here and go on te ~ I have
the other data for the fleet SATCOM which consists of discharge data during re-
conditioning discharges, some of it including separatc measurements of the
positive and negative electrodes with respect to the case to the cell "wvhich shows
roughly which of the two electrodes was responsible for cell voltage hehavior.

It indicates generally that init.ally when the discharges down to close to zero
volts were started, the cells were dall negative limited and then after one or two
reconditionings the cells again became positive limited.

The other ground test that I would like to cover is that of the one kw. bat-
tery made with 50 ampere-hour cells that I mentioned yesterday. Beg your
pardon?

GROSS: We can't see it,

SCOTT: Well, "it" is coming up here. 1 don't have a photograph of 'it,"”
the hardware, but I want to say that we are testing two one kw, batterics, one
made with polypropylene separators and an essentially identical one, identical
as far as we know, made with nylon separators, and they are being tested under
essentially identical conditions and this data, I ihink, will begin to show up some
of the possible limitations of some of the statements about the comparison of
nylon and polypropylene that were made yesterday.

(Stide 109)

SCOTT: Here is a cross plot of the minimum voltage on discharge during
eclipse scasons during an accelerated test of the two batteries. 1-2, which is the



one that has proceeded the furthest, is the one made with polypropylene. 1-3 is
made with nylon, These tests are being conducted at an average temperature of
around 35 degrees F., fairly cold. The temperature is being maintained by use

of heat pipes in this particular system and we are using a 12 hour cycle during

eclipse seasons and six days between eclipse seasons, a normal 15 day eclipse

season duration,

First of all, you might note that contrary to popular belief at least in this
case, the performance of the nylon battery was not as good as the polypropylene
battery, and as a matter of fact, well, this lower line, this battery is the cne that
I mentioncd yesterday, had the one lot of less than optimum performing cells and
that accounted largely for ihe difference between these two but still if yvou discount
that one lot the performance, then, of the polypropylene battery and the nylon bat-
tery were essentially identical, at least so far as this test has gone.

Now, not all of the captions got on this diagram and vou will see, I think,
a more complete version in the proceedings, but this upper battery was recon-
ditioned by discharging to 22 volts between this eclipse season and this eclipse
season and that is the reason for the increase in the voltage at that point. This
battery was also reconditioned again down here but it was not reconditioned at
any other time during the test, just twice, there and there. That battery i- now
in its 14th eclipse season., The minimum acceptable voltage for the program is
24 volts, so it 1c ks “ike we are going to complete the test well above 24 volts,

By the way, I should point out that this test is being conducted — the test
started out at 82 percent depth of discharge and as the voltage degrades the
depth of discharge has been increasing slightly because this test is being run
with a constant power load so the current increases as the battery voltage de-
creases so the ampere-hours out when a given 1.2 hour maximum time period
increases as the test proceeds, so down here we are up to over 85 percent depth
of discharge. This is a development program. It is not related to any specific
spacecraft program at this time and we were trying to explore the limits of high
depth of discharge in order to maximize the ¢nergy density of this system.

A note here, we — well first of all, it doesn't say here but there was 1 re-
conditioning of this battery 1-3 to 22 volts after this eclipse season and in the
case the reconditioning appeared to have made the battery worse instead of better
although I don't really believe that it was due to the effect of the reconditioning
per se, so because the voltage was getting dangercusly near the lower limit, we
then, after the next eclipse season reconditioned that battery down to zero volts
or close to zero volts on a resistor, and the results are pretty startling. This
shows the following eclipse season and the next one after that with no recondi-
tioning between these two.
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So, again, we feel that if you are obliged to operate at very high depths of
discharge in order to meet a certain energy density requirement or a certain
minimum weight requirement that it looks like the use of the right kind of re-
conditioning may be the only way to assure that you are going to have a mission
success.

I might say in response to a comment made a little bit earlier that we
would not recommend that a spacecraft be designed initially to operate from day
one at 80 percent or 85 percent depth of discharge. However, in a sense this
test is primarily indicating what you could expect if, from some sudden change
in the system or some failure, that you were forced to opera‘e at this high a
depth of discharge. In addition to that, there is a general guideline that we would
necessarily impose that if you get up too high a depth of discharge, that the space-
craft operations would presumably have to back off on some of their loads in
order to prevent — to keep the battery from being forced to too high a depth of
discharge, and this is a generally accepted operational procedure, at least with
some of our spacecraft programs.

Just a couple of other quickies here, if I might. We also have eight packs
of 50 ampere-hour cells separately being life tested in a similar type of life test
of tne batteries, in terms of programming. We have four packs running at ap-
proximately the same temperature as the battery, around 35 degrees. We have
another four packs running at — with a 70 degree baseplate. We are using a di -
ferent simulated sunlight season period between each of the four packs at each
of the two temreratures. The point of this is that we are trying to get data which
will answer one of the questions raised a little bit earlier as to what is the re-
lationship between these kinds of accelerated tests and the real time test and we
hope by the time we get through with this program that we will be able to take the
results obtained in these variable periods and extrapolate to real time in order
to determine what the results of that test would have been had it been done in
real time,

(Slide 110)

SCOTT: In this test plot, this shows the plot of only two of these packs,
the ones that have completed the most eclipse seasons with the shortest inter-
vening time periods and you will ncte the packs at 35 degrees are doing rather
well. Incidentally, three of the cells in each paci are polypropylene and three
with nylon. T e nylon ones are doing somewhat better than the polypropylene
ones at the low temperature.

Look at what is happening at 85 percent depth of discharge at 70 degrees.
We are getting a very rapid degradation in the voltage. At this point in the test
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the cells essentially had failed as far as supporting the mission requirement are
concerned, so we did a reconditioning to zero volts again., The voltage recovered
to here. Now we have gone these two additional eclipse seasons with no further
reconditioning and it looks like the same thing is happening all over again.

We have done one more of these reconditionings that doesn't show on here
and the voltage is again back up here. Now we are going to continue to recondi-
tion in this way every eclipse season for a while to see whether we can maintain
even these packs even at this high temperature and the high depth of discharge.

(Slide 111)

SCOTT: I will show you one more if I may. This is a combination of one
ground test which is the labeled life test, 40 percent depth of discharge with no
reconditioning. The dashed line is orbital data for that same battery in flight
where, for the first two eclipse seasons there was no reconditioning. Then they
did one reconditioning after this point and we are here on the next eclipse season
and then they did two reconditionings in a row between here and here and now
this is the last data point available. In this case the reconditioning is only a dis-
charge at a moderate rate down to about one volt per cell at the battery level.

The upper curve is all flight data. It is a pretty smooth curve. It is drawn
through points obtained by telemetry from another flight program, 42 percent
depth of discharge, where there were two reconditionings in a row to about one
volt per cell have been done during every eclipse season and the end of discharge
voltage has remained very constant throughout that test.

So we believe that reconditioning has a real value under real operating
conditions. It allows one to utilize a higher depth of discharge and therefore a
higher design energy density on the battery and that it can certainly be used very
effectively to return the battery from some low voltage degradation if that should
occur,

WEBSTER: Thank you very much, Dr. Scott.

Our next speaker will be Mr. Ralph Sullivaua of Applied Physics Laboratory
and he will be discussing the Transit and SAS battery performance. Ralph?

SULLIVAN: Bill Webster has politely informed me that I am standing on
a trap door which he is going tc actuate in 15 minutes so if I disappear in the middle
middle of a sentence you will know what happened. I would like to compare the
battery performance of two types of satellites which are built, at least in part,
by the Applied Physics Laboratory. The first type is a Navy navigation type
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satellite and the second is a Goddard managed SAS, Small Astronomical Satellite

and I would like to just draw a simple-minded picture on the hoard here for a
minute for talking purposes. This is the earth and navigation satetlites are near-
earth orbits and 1 will represent the plane of their orbit vy a line north-south
through the earth and the SAS spacecraft are also near-earth orbits and I will
represent the plane of their orbit by a line east-west through the earth, whole
orbit, equatorial orbit.

The navigation satellites are a constellation, actually, of about six satel-
lites but we will just talk about one of them for the moment. If we consider the
situation where the sun is normal to the board, both of these satellites are ex-
periencing maximum eclipse, 35 minutes in the case of the Transit, 36 minutes
in the case of the SAS. If we consider three months later when the earth has
moved and the sun is in the plane of the blackboard, the SAS spacecraft is still
experiencing the 36 minutes eclipse time, The Transit spacecraft, however, are
in 100 percent sun.

The basic difference, then, between the satellites is that the Transit satel-
lite has a variable depth of discharge, zero to 11 percent, The SAS spacecraft
have a very constant repetitive depth of discharge going to, in the case of SAS B,
21 percent depth of discharge. In the case of SAS C, 24 percent depth of discharge.

(Slide 112)

SULLIVAN: I will skim through the first slide. We are comparing, clearly,
not just apples and oranges, but apples and bananas here. This is the Transit
spacecraft. I am comparing three of them or averaging three ~f them, I should
say, from say back in 1967, average cells built in the mid-sixt The SAS B
spacecraft was launched three years ago. The SAS C spacecra.. 1s just launched
last spring.

Let us skip over the rest of the nonsense and get down to the bottom line
through the ustal simple-minded calculation. It is anticipated that this should
have a 50-month projected lifetime based upon that curve that shows cycle life
versus depth of discharge and that is as it should be, The Transit satellites are
an application type satellite.

The SAS B had a design criteria of one year minimum and the projected
lifetime was 22 months and 17 months on the SAS B and C respectively.

(Slide 113)
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SULLIVAN: Now, at the risk of Bill actuating that trap door just a little
sooner than he expected to, ! would like to tell a story and that is about a man
standing .a the ccrner in Belfast, Ireland one dark night and another man walks
up behind him and sticks a gun in his back and says, "Are you Protestant or
Catholic?" He thinks, "Oh my God, oh my God, I had better take a neutral posi~
tion."” He says, "I am neither. I am Jewish." So the man behind him says,
"Glory be, I must be the luckiest Arab in all of Ireland."

Now, as a power system type I feel very much like the victim in that little
story because I am trying to always take a middle position, box in the battery
with a charge control system so that *he battery doesn't get out of bonds, so that
it lasts a long time and I feel as though the systeiu is getting shot to hell every
time 1 try to do that.

We started way back with a very old simple system. The Transit system
looks very much like vou see here. A simple solar cell array charging a battery.
You worry about over-voltaging the battery so you put four zeners across it and
those are four actual zeners. There is a lot of line resistance worry, about what
voltage we are actually reaching on a battery is really not determined because
there is a lot of line resistance on the battery leg. There is a lot of line resist-
ance in the zener legs.

It is a witch to analyze, but it is a very simple system to put together and
has worked very effectively.

The next generation, when we went to SAS B, we said, "We know better than
fo do that again. We are going to do something we can analyze,”" so we put the
battery cells all on one pack. These are not all in one pack. There are eight
cells in this battery pack spread throughout the spacecraft, because we couldn't
fit them all in one place. These are all in one battery pack. We monitored the
temperature and we set a temperature compensated voltage limiter on there which
I am sure everybody is familiar with, these days, and it drives this shunt. That
system alone would have worked but we wanted to add a redundant system and
we also wanted to try a coulometer so in parallel with that system we put an
electronic coulometer on there which would count the number of ampere-minutes
taken out of the battery and then allow 105 percent of the same number to be put
back into the battery.

That is a little bit misleading because at the end of that time we cut down
toa ickle charge level which would vary between three and 600 milliamps de-
pending upon hattery temperature, so by the time we finished that trickle charge
period we would have probably have put back in not 105 percent but something
closer to 115 to 20 percent back into the battery.
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The third generation when we went to SAS C, we said, well if the complex-
ity is good, then more complexity is better and we went ahead and did very much
the same thing with the voltage limiter except that we went to a two level type
voltage control so that as the battery aged we would step up to a higher voltage,
a quarter of a volt higher than the first voltage limiter was set,

We changed the coulometer concept a little bit and we decided we would
like to have it under ground countrol variable from 101 to 125 percent return but
now when we cut down to a trickle charge level, we cut down to 100 milliamps
which is C/90 on a nine ampere-hour cell, in other words, zilch. We could con-
trol very definitely the percent return getting back into the battery by this ground
control command.

Okay, so if we know what we are doing, then, if we knew what we were doing,
going from the simplest system to ti:ze more complex system, we should have im-
proved the battery performance.

(Slide 114)

SULLIVAN: I would just like to comment a little bit on the different types
of cells. Again, we are comparing apples and bananas and the Transit satellites,
way back in the sixties APL used Gulton almost exclusively, and now SAFT
America. On SAS B, for the first time we used General Electric cells. We
thought we had a problem with one of the cells in the battery pack, It turned out
in retrospect that what we now think we were seeing was 1.05 volts, that second
plateau on all eight cells in the battery pack, but at the time we thought we were
experiencing a deficiency in capacity of one cell in the battery pack and we said,
"Whoops, we don't want to use GE any more," and we went back to use Gulton.
Okay? I owe GE an apology on that because we are experiencing almost the same
tl: .ng, if anything, worse, with the Gulton cells and my point here today is that it
has little to do with the battery cell manufacturer. I am not sure exactly what it
is due to but I don't think it is due to that.

The thing that I think is important here is that the SAS B and the JAS C
are not only different cell manufacturers, but there was a teflon coated plate
used on the SAS B cell and there was none used on the SAS C cell. They are very
different types of cells and yet for a first approximation they acted similarly.
Again, I have to conclude that has something to do with the way we are using the
cell,

Depths of discharge I mentioned, fairly high on the SAS B, and very low
depths of discharge on the Trarsit,
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(Slide 115)

SULLIVAN: There is some torquing but this isn't really very important. The
charge-discharge profile; it is not only the discharge profile that is constant on the
SAS's and variable on the Transits but because of our charge control system we
have quite a constant recharge profile as well. The initial recharge rate comes on
at C1.5 and stays there until you hit the voltage limit, tapers off until you return,
say, 105 percent return, and it cuts down to a very small trickle charge rate.

The temperature ranges of operations are very much closer between SAS B
and Transit than it appears from these numbers because SAS B went down to three
degrees for only a very short period of time. Most of its lifetime was about 14
degrees C. This temperature range looks very close to the other two but at least
in recent months SAS C has been hugging the upper end of its range so SAS C may
have been running a little bit hotter than the other two on the average.

(Slide 116)

SULLIVAN: Now you can see from this slide quite clearly how we have
improved these. This represents the end of discharge voltage during periods of
maximum eclipse, so it represents a situation with the sun normal to the black-
board. It is data only for that situation, so that we are talking about 35, 36 min-
ute eclipse periods in all cases. It represents, also, the typical end of discharge
voltage at the typical discharge-end of discharge current, which are not identical
but they are close enough for government work. It does not show the fact that
when the spacecraft controller wishes to torque a SAS B or a SAS C and he runs
over the knee and down to the second plateau, he sees a drastic drop in the volt-
age and drops below 1.1 volts per cell which is where we presently have our
undervoltage detector set and it trips the switch and throws everything off the
line and there is chaos, panic,

(Slide 117)

SULLIVAN: Okay, when we look at this the first thing that — the first
explanation — if I look at the SAS's and say, okay, for a first approximation they
are behaving as a group. The reason for that, I think, is not too surprising. Low
depth of discharge, higher depth of discharge, as one reason. Variable charge-
recharge — variable charge-discharge profile, and constant charge-discharge
profile I think is another reason. That is a judgment. It is not something I have
proven. It is something that I think is true.

(Slide 118)

SULLIVAN: What really puzzles me is why is there such a difference be-
tween the SAS B and the SAS C? SAS C clearly started to drop off at a much
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faster rate than SAS B did and we pulled various little tricks. As it went down

we switched - we started off at 105 percent return, We switched to 110 percent
return, We got down here and we decided to go to — even with 110 percent return
we decided to go to the high voltage level. We went up for a very short period of
time and again we headed for the basement and what is not shown here is we have
had, after this point, we continued to go on down to about 1.12 volts per cell where
we decided to do some reconditioning,

(S'ide 119)

SULLIVAN: I am going to skip over the next three slides because they are
simply blow-ups of that composite curve that you just saw and I would like to skip
now to what the results of that reconditioning were.

Now, I should say that what we do and I think what most people do on these
programs is we receive or purchase more cells than we need. Upon receipt of
these cells we put so many into a flight battery, so many into a spare battery,
and then we take so many and we put them aside for tests. APL doesn't perform
their own testing. We sent them to Floyd Ford at Goddard. He discusses it with
us and we come up with a test program. He sprinkles them with holy water, sends
them on to Crane where Jim Harkness goes ahead and puts them on cycle.

Now what we are looking at up here is Crane cells versus flight cells, Same
cells, same manufacturer, received at the same time. There was no selection —
we didn't discriminate and pick out the best cells and send them the worst cells
or pick out the — we didn't do anything like that. We simply picked out 10 cells
and sent them to Crane without any testing. Clearly the Crane cells, although
they are not behaving great they are getting down to 1.05 volts per cell, the so-
called ""second plateau' at around eight ampere-hours, after 2,404 cycles.

When we did our in-orbit conditioning just a few weeks ago on the SAD cells
in orbit we get down to about 1,05 volts per cell in something like 3, 3-1/2 ampere-
hours. This is after 2,680 orbits. It is 2,600, 2,400 orbits, very nearly the same
kind of lifetime.

If I had to guess and it is a guess at this point, I would say that t... se are
acting, behaving, very much like the SAS B cells behaved. I have had to do some
soul searching and ask myself clearly here, clearly the difference between what
is happening has to do with how these cells have been treated in orbit versus how
these cells are being treated at Crane, We tried to make them identical but of
course we couldn't and we didn't. The only differences that come to mind as
being important are the Crane cells have been opcrating at a constant tempera-
ture of 20 degrees in C. In orbit the flight cclls have been operating at a range
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of 14 degrees C. on up to 28 degrees C., but in recent months it has been closer
to 25 to 28 degrees C. range, so am I willing to buy the fact that five or seven
degrees difference in temperature will produce this kind of a difference? May
be. I don't know. I am just raising that as a question. It is possible.

There is one other diffcrence here and that is in orbit I mentioned we put
the coulometer in parallel with the voltage limiter. It is a very expensive device.
On the Crane cells we used simply the voltage limiter. We did not put a coulometer
in parallel with it, so the Crane cells are experiencing, have been experiencing
throughout their lifetime, a simple voltage limit type control. I believe it is like
117 percent return. That number might be a little bit in error, but it is on that
order, whereas these have started out at 105 percent return for a long period of
time, changed to 110 percent return, changed to other various percent returns
back and forth to try to correct the situation and I have to ask myself, if perhaps
with our fancy electronics we have gone one step too far in not allowing the bat-
tery to go into overcharge, we have perhaps forced it to experience low voltage
faster than it would normally have done.

The only other conclusion I can come to is that if I ever have to do it again
with a system, we will say, ""Hooray for the second plateau," and design the sys-
tem to work down to 1.05 volts per cell and let the scientists go ahead and try to
decide why this sort of thing comes about. I feel it has to be because of the way
we are operating it in orbit and I think, altkough all of the things that have been
discussed so far here at the meeting about controlling what goes on in the cell,
controlling the plate loading, controlling electrolyte, all of these things are im-
portant, there are an awful lot of things we can do in our charge control system
to wiggle it just a little bit and change greatly the performance of the battery.

Open for questions, Yes, sir?

GOLDSMITH: Goldsmith, TRW, Doesn't Crane normally recondition the
cells as a part of its testing program ?

SULLIVAN: I am glad you asked that. Yes, they did have the foresight,
Floyd and Jim did have the foresight on this program to not do that except that
they do have a six month period. Anyway, the cells we are showing here were
not reconditioned.

CLARK: Clark from Grumman, One thing you may not be considering is

how would you handle flight battery before launch? Was that battery used in
spacecraft integration and how well was the condition before launch?
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SULLIVAN: Yes, sir. That battery more than any other battery, was held
away from the integration people longer than — right up until the last minute. We
kept it in the refrigerator. Okay. We stored it in the refrigerator and when I say
the last minute, the last minute was about two months before launch at which point
we had to install it for spacecraft vibration and it went through thermal vacuum
but throughout it all the spacecraft was off the line, held open circuit, for I would
say 98 percent of all of the subsequent testing. We are able to operate the satel-
lite without the battery and that is the way all testing is done, without the battery,
even though it is installed in the spacecraft. It is just sitting there dormant.
Yes?

DUNJ.OP: Dunlop, Comsat. There must be tons of informa:ion in the liter-
ature on the effects, the difference in performance between 15 degrzes C. and 28
degrees C.

SULLIVAN: There probably is, yes.
DUNLOP: It is bad to operate it at 28 degrees C,

SULLIVAN: Well, that was an upper range, but it is still operating - all
right, 25 to 28, and that may well be part of the problem.

HARKNESS: Harkness, Crane. For clarification, the current recharge on
a battery pack at Crane is around 112 percent, not 117.

SULLIVAN: Iam sorry. Yes?

FORD: Two points. The high temperature operation is done because of
the requirement of the experiment, again. I think we have been sitting like at
least 30 days and maybe ionger now, between 27 to 28. The battery temperature
doesn't fluctuate very much but it is very sensitive or seems to be sensitive to
orientation of the spacecraft. From my assessment, the real degradation has
come about in this where the scientists are wanting to look at a condition that
causes a high flux input to the spacecraft and the battery has been operating at
25 to 28 degrees C. and it is in the latter part cf its life now or the latter part
of the test program. Would you agree with that?

SULLIVAN: Yes. I really think, honestly, Flovd, I think that somebody
of a thermal type or a power type should really look at the SAS B and the SAS C
history and get a number that represents percent time at temperature because
although we know the range we really don't know where it sat most of the tiine
except in that field.
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FORD: One other point I would like to make, as a general comment to
what has already been said this morning, I noted with interest the two programs
that have been discussed had less than three cc's per rated ampere-~hour of
electrolyte. I also noted that this one had exactly three cc's per ampere-hour
or three cc's of electrolyte per rated ampere-hour of a cell and for the sake of
further discussion this morning, if anybody talks about other batteries, I would
just like to see you comment, particularly when you are talking about degrada-
tion characteristics. I think there is an inherent relationship between the
electrolyte level and the degradation that we are seeing.

Now we have some experience up there with cells that have got a lot more
electrolyte in them rated on a capcity basis. I would like to see it. We have got
test experience, I think it is very important to try to get that one fact established.

SULLIVAN: Yes, s8ir?

IMAMURA: Imamura of Martin-Marietta. Two questions, Ralph. What is
the coulometer accuracy over a stretch of cycles? Do you have any data on that,
accuracy in terms of ampere-hours now.

SULLIVAN: Okay, its control accuracy is all right, but I am sorry, I really
can't give you numbers, It is like 1/10 of a percent up — no, I am sorry. Stabil-
ity is like 1/10 of a percent kind of thing over a year, okay, but the accuracy was
better than a percent but it is really not relevant because of the fact that we are
returning so much more than we are taking out.

IMAMURA: Second question, you have got two voltage limi‘s. What was
the resulting C to D ratio or recharge fraction? Do you have any number on that?
What was the overcharge level for these successive cycles?

SULLIVAN: It was controlled by the coulometer, limited by the coulometer.
IMAMURA: Yes. What was the C to D ratio, 1.05, 1.1?

SULLIVAN: Okay, in the case of the SAS B spacecraft it is more like 115
to 120 percent. In the case of the SAS C spacecraft we started out at 105 percent.
We went to 110 as we saw that voltage drop. We have since gone to just a voltage
control at times without the coulometer where we have gotten up in excess of 115
percent so it is varied and none of these things seem to work, although going to
115 percent did seem to help for a while. It held us up for a while.

WEBSTER: Thank you, Ralph. I am sorry we have to conclude the ques-
tions here and proceed on, Thanks a lot.
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Okny, this part of the meeting will be designated as testing but T am sure
there is not really that much definition between one section and the other and my
first speaker during this part will be Mr, Donald Mains of Crane and he will be
discussing accelerated testing,

MAINS: Thank you, Bill, I thought I would briefly summarize the accel-
erated test program as it is being run at Crane. The program started with the
analysis work that was done on the early testing, This was back in 1963-'64,

We started a progran, at Crane with cells irom several different manufacturers
running under various test conditions with several different sizes and also with
some design problems such as leaking cells, unknown plates and other quantities
in that. As we began the analysis it tended to show a direction toward prediction
but we were operating with so many variables and so many factors that we didn't
have control over that at that point we began working with NASA and the Air Force
to develop a new accelerated test program. The Air Force had already been do-
ing some in-house prediction work and also working with Battelle Memorial In-
stitute to come up with some designs. The people at our statistical group at
Crane along with Dr. Anderson from Purdue University developed a test matrix
with .ome specific designs in it. The one we are working on now has six ampere-
hour sealed nickel-cadmium cells with various amounts of precharge, amounts of
KOH and KOH concentration. These are set up in five level increments so that
we can evaluate their effects.

These cells, then, are placed on test under various temperatrre conditions,
depth of discharge, charge rate, discharge rate, and percent recharge. All of
this was worked out in a factoral type design so that we can cross reference and
cross evaluate the effccts of the various variables that we have in there. The
complete test design is elaborated on in the NASA X report which was put out a
couple of years ago.

The testing consists of the manufacturer's data which has becen J.mpiled
at Crane, a baseline test which gives us the preliminary information on which to
begin to base some of our results, and he accelerated test itself where the cells
are put on at a matrix rate and run. Once they have completed testing we run
through a post cycling test. That is followed up by a chemical analysis and physi-
cal analysis. Since we don't really have the time to go through all of the various
combinations of testing, I have picked out one area that I would like to look at
today to give you an indication of some of the analysis that we have been able to
start looking at,

(Slide 120)
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MAINS: The area that I have picked out is the physical variables to see
how they effect life. On the graph here we have plotted the average end of dis-
charge voltage, showing, then, the high and low cells in the group, also the aver-
age pressure at the end of discharge, again showing the high and low values.

The number here indicates a cell failure has occurred. Some of these
have not completed tests. Others have, so it will be a little bit hard to compare
them on total life, but one thing that has been showing up is that the voltage in
general is fairly consistent. Another thing that is fairly consistent too is as a
cell begins to show rapid voltage decrease its pressure will begin to show a
rapid increase.

HELLFRITZSCH: What temperature is that?
MAINS: Ttese are all run at 40 degrees centigrade.
HELLFRITZSCH: Depth of discharge?

MAINS: Well, let me go through all of these, They are run.ing at the
same electrical conditions., ThLey are 40 degrees centigrade, 60 percent depth

of discharge, a 2 C discharge rate, a one C charge rate and 140 percent recharge.

DUNLOP: The pressure is taken at the end of charge?

MAINS: No, the pressure measurement is at the end of discharge.
DUNLOP: Is that the highest pressure or the lowest?

MAINS: Well, the solid line is the average.

DUNLOP: 1 know, but over the cycle, does that represent the high pressure
or the low pressure?

MAINS: No, this was not really taken in.o account. We just go for the
highest. It is intended to be the same all of the way through, Now as fur as the
end of charge, it will be the highest pressure, but again, the high cell was high
from the beginning of discharge all the way through the end of charge.

GOLDSMITH: 90 minute orbit?
MAINS: No. I will have to look, This is on a variable time, each one of

them dcrending on the charge ratc and that would give a different number. After
I get through this I can get that number. I have it over here.
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(Slide 121)

MAINS: This is the nuxt rate. This is at the — well the first one was at
the lowest concentration of KOH, This is at the highest concentration uf 38 per-
cent and again the voltage is fairly constant, The pressure on this one shows an
overall increase and the life appears to be slightly shortzr for the 22 percent
than it does for the 38 and again we have a test running.

(Slide 122)

MAINS: This curve is the median or the mnole test at 30 percent. I had
hoped to try to overlay these but sinc the graphs are the same color it gets
kind of confusing and again this will be true of all of them. 1his is the middle
condition of all of the tests that are running and the pressure on this on remains
fairly low throughout life. Again, as we have failure occurring the pressure
begins to rise.

(Slide 123)

MAINS: The next condition that I compared here is the percent of recharge.
This is the one with the lowest percentage and this one is with the highest
percentage,

(Slide 124)

MAINS: After evaluating this they really didn't show any distinct variations
up or down so in this sense at the moment we are saying that from indications the
percent of recharge doesn't appear to have much of an effect.

GOLDSMITH: Percent of recharge?

MAINS: Iam sorry, the precharge.

(Slide 125 & 126)

MAINS: The next group that was compared w.as the amount of electrolyte.
This is the battery with the smallest amount at 17 perccnt and on this one the
lowest amount seemed to show the highest pr=ssurz rise and again, this is the
one with the highest amount, the 21 perce::, and again, the voltages generally

tenc:d to follow along the same pressure, rising just prior to failures.

(Slide 127)
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MAINS: This is just a graph showing some of the typical cycles of cells
that have not failed, or the batteries that have not failed to date and in order to
give you a little more detailed information, I have a complete list of the ‘ells
that are on test and the number of cycles. Rather than covering all of the graphs
I have got here, they will be in the proceedings, but let me go through and explain
what we have here. We have the cell position, one through eight. The fi~st three
cells contain pressure transducers and these are the ones that were plotted in
the graphs. 'ithe last three cells were the early removals that were put in to the
program by the Air Force in order to help us gain information on degradation
rates. The cycle numbers, which they were removed, are indicated on each
hattery and then the types of failures. On some of these the pressure climbed
very rapidly, go‘ very high. In order to keep from destroying the cell they were
removed on the cycies listed. Others we.-e removed because of low cell voltage.
They were just slowlv degrading down to the point where we were getting to zero
volts at the >nd of dischargc. We had others that were removed. Some of them
were removed vecause the cells shorted internally and others were removed be-
cause the pack had no other control to monitor pressure, that all of the trans-
ducer cells had to he removed and because of the performance we were seing,
indications were we probably would run ir.to pressure prublems on the remain-
ing cells.

(Slides .28, 129, 130, 131)
M..INE. Thank you.
PALANDATI: Mr. Mains?
MAINS: Yes?

PALANDATI: Jack Palandati, Goddard. I am just curious, with all of your
failures, did you dissect any of th. cells and actually analyze the components to
possibly find what is the mechanism that seems to b~ the point that is causing
all of the problems?

MAINS: As I mentioned in the talk there, the cnemical analysis is being
performed. It was just one of these things. We couldn't bring everything together
at on~ time, I think, as we get complete data, in fact, this only shows three of the
five points that we actually have on each of these, Each variable that was pcinted
out has five levels, so we don't have all of the evidence in yet. We are analyzing
the cells as they are taken off the test, as they are failed, and again we hope may-
be next year to be able to go through and put the story together a little bit more
to try and back up. My fecling is that we are probably seeing some drying out on
these cells. It is not real consistent yet and the chemical analysis will point more
toward this.
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SEIGER: Do you have the analysis of the gas?

MAINS: On the cells, yes, we have analyzed the gas prior to opening them
upo

SEIGER: What is the gas?

MAINS: In general we have been seeing hydrogen, but there is some hydro-
gen in there but most of it is (xygen that we are getting.

CHIN: Most of it is what?
MAINS: Most of it is oxygen.
WEBSTER: Okay, thank you very much.

Our next speaker in the testing section will be Dr. Pickett of Wright-
Patterson Air Force Base and he will be discussing the subject of testing 50
ampere-hour Heliotech cells.

PICKETT: Actually, I don't ha.e much test data or hardly any test data to
discuss but we do have tests planned for these cells over at Crane so briefly what
I will present to you today will be the tests that we have planned and maybe give
you a little background on the cells that were built at Heliotech under contract
with us. These cells have electrochemically impregnated plates where the proc-
esses were developed at our lab, the Air Propulsion Lab at Wright-Patterson and
these are some of the few cells that you will see any test data on with electro-
chemically impregnated plates. I know there was quite a bit of discussion yester-
day about the effect of electrochemically impregnated positive plates and the need
for such. I hope we can have some data for you in a very short while,

But 1 will start off by showing a picture of the cell. It is a littlc shorter
than the 50 ampere-hour cell that most of you are accustomed to seceing,

(Slide 132)

PICKETT: The capacity of this cell is actually 50 ampere~hours as meas-
urcd by Heliotech prior to their shipment of the cells to the Aeropropulsion
Laboratory. The internal dimensions are 1.28 inches in thickness, 4.925 inches
in width, and 4.37 inches in height. Those were internal dimensions and we have
two different designs, We have one design using polypropylene or actually we
have three designs using polypropylene separator but the cell dimensions are
all the same for the polypropylene type cells. The nylon cells are a little thinner
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case material. The polypropylene cells have 24 mils. thickness in the case
material and the nylon cells have 20 mils. thickness in the case material. 304
stainless steel is the material used for the cell case.

(Slide 133)
PICKETT: The capacity distributing in the cells is shown on the next

Vugraph and it should be about the same as seen in most cells that you buy from
the various manufacturers today. There is not, I don't taink, much difference in

the capacity distribution or the relative capacity distribution. There is 11 ampere-

hours of precherge and 55 ampere-hours of working capacity and 16.5 ampere-
hours of cadmium hydroxide and the non-utilizable capacity is estimated to be
about 21 ampere-~hours for the negative plate, and then there is about 10 percent
of the capacity and maybe more of the nickel hydroxide which we are not able to
use.

(Slide 134)

PICKETT: These are the electrode designs for the three different designs
of cells we had made under the program. We have 35 cells in all, 20 cells which
have polypropylene separator, We have four cells with design No. 6, eight cells
with design No. 11 and eight cells with design No. 15, In design No. 6, if you can't
read that, that is 36 mils, thickness on each plate, 82 percent porosity in the
positive plate, 90 percent porosity in the negative plate, 32 percent, well 84 per-
cent porosity for design No. 11, 90 percent in the negative and 84 percent for the
positive and in design No, 15, 90 percent porosity in the negative.

(Slide 135)

PICKETT: Okay. For the polypropylene cells which we call the phase one
cells, these are some of the design parameters and I will just briefly show you
these and with respect to Floyd's comment they do have more than three cc's
electrolyte per ampere-hour. The capacity as measured is 50 ampere-hours
approximately.

(Slide 136)
PICKETT: The other two designs I will just flash up briefly to try to con-
serve the time. You can get all of this information from the minutes if you de-

sire. It is 50 :impere-hours capacity and enough electrolyte.

(Slide 157)
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PICKETT: Okay, these are the nylon cells and they are a little bit lighter
in weight. They have thinner cell case material.

Okay. These have been sent over to Crane and undergone their acceptance
testing. The results of acceptance testing were roughly that the cells were a little
lower in capacity than measured at Heliotech. We are looking at possible burn in
cycling of the cells maybe to recover some of the capacity. Then after that we
plan to proceed to an accelerated synchronous orbit life test which was kindly
provided to us by TRW, Dick Sparks in particular and I believe this test was
planned for the fleet SATCOM battery and this will be the test that will be used
over there. We plan to discharge the cells to about 60 percent depth of discharge
initially and see how they perform and if the performance is good we may go to
deeper depth and this is essentially the test that we have planned.

(Slide 138)
PICKETT: I will conclude with those remarks since time is growing short.
WEBSTER: Thank you. Any questions?

DUNLOP: Dave, what is the percent of active material in the positive plate,
by the way, do you know, or the loading, some way to find out what the loading is?

PICKETT: Okay, the loading is somewhere around 1.9 to 2 grams per cc
of void.

SCOTT: Scott, TRW. You showed a grapa of the utilization of the positive
and the negative. Was that in the starved condition or flooded or what that you
got those figures, particularly for the pesitive where you showed certain per-
centage unutilizable ?

PICKETT: Well, the total capacity is from the flooded condition. We think
we can use about 90 to 85 percent of the flooded capacity.

SCOTT: The bar graph that you showed, then, was estimated for a flooded
cell?

PICKETT: Right.

SCOTT: Excuse me, I mean for a starved cell under sealed conditions ?

PICKETT: Well, I believe the capacity was measured and you can correct
me if I am wrong on this, Harvey, the negative capacity was measu~ed under

flooded conditions and that is what this is based on,
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GOLDSMITH: Goldsmith, TRW. What are the Air Force plans concern-
ing this technology ?

PICKETT: Okay, I mentioned something about that yesterday briefly and
we do have a manufacturing technology program plan. Since this is a procure-
ment I am not going to divulge very much of that except what was mentioned in
the Commerce Business Daily and that is that we plan to make — use this elec-
trode for nickel hydrogen and I think probably in some of the presentations
tomorrow ycu will see its advantage in nickel hydrogen. I know you folks have
been testing it in nickel hydrogen and we think it wili probably be the best elec-
trode and maybe the only electrodes in nickel hydrogen cells we use, is this type
of electrode. I am not saying that exclusively our method of impregnation is the
only one that can be used, but I think either one, the Bell method or something
similar or something similar to what we have been using here will be used in
nickel hydrogen.

Okay, with respect to the satellite cells, we also plan to make these under
the manufacturing technology program. Probably one of the designs you have
seen lere will be made.

GOLDSMITH: Do you foresee, then, that there may be, as the result of
some procurement exercise, that there may be some companies that will go into
production ?

PICKETT: Right.

Gu LDSMITH: Is that the purpose of ihe —

PICKETT: Absolutely, and will also make some aircraft cells as well.

GOLDSMITH: Can you fell us anything about the schedules for this?

PICKETT: V. .d, I can't predict the procurement cycle, you know, Once
it gets out of our shup and over to those fellows who knows when it will be, but
the best estimate I can give you would prohably be that it will be on the street

sometime around March I would guess.

GOLDSMITH: Can you tell us anything about what your long range plan is
with respect t{o being able to get these things into production?

PICKETT: Well, we hope that the successful bidder will go into production

with the thing, We hope that the people that are bidding on the thing plan to use
it in production and this really isn't being handled by the Aeropropulsion Lab as
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such, This is being handled by the Materials Lab and it is a manufacturing
technology program so the gist of the thing is that we wouldn't even be consid- ]
ering it if it wasn't going to be something that would not be produced for the
Air Force.

FORD: You implied yesterday, at least I understood you to imply that you
also are considering them for aircraft batteries too.

PICKETT: Yes,]I just told Paul thatI was.
FORD: Okay.

WEBSTER: Okay, Dave, thank you very much.

Okay, our next speaker is Mr. Imamura of Martin-Marietta and he will be
talking to us on the investigations of charge control parameters effecting cycle
life of nickel-cadmium batte. ies.

IMAMURA: 1 would like to go ahead and start out wi*h the first Vugraph.
(Slide 139)

IMAMURA: 1 will just show two and a third one is a proprietary one.
Basically, I want to investigate single cell level, battery level charge control
and the effects in extending battery life in the range of 13,000 to 20,000 cycles
which really represents between three to six years depending on shallor orbit
or a little bit longer and secondly, determine the extent of charge control flex-
ibility required. The one that I took out is really our R & D work that we are
doing with the microprocessor, so that is what we are trying to determine, the
short limited fanding program.

(Slide 140)

IMAMURA: Our approach is to basically — it is not really proprietary.
I just cut out something that is not really pertinent, — perform simulated low
earth orbit regimes using two packs consisting of 24 eighl amp-hour cells each
and make an assumption here that in the case of battery level control, no zell
voltage monitoring or the cell typass capability is assumed, although we had it,
since we are running with the minicomputer, and secondly, on the cell level con-
trol pack, the cell voltage monitoring and cell bypass capability is assumed. By
that what I mean is we had the hardware capability to do that in a real life vehicle,
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Second, subject batteries to different overcharge levels at various tem-
peraturcs to determine desirabie charge control methods and I will go into that.

(Slide 141)

IMAMURA: The cells that we use are rated at eight amp~hour. G, sup-
plier and the separator is polypropylene. Number of positive plates and nega-
tive plates, 11 and 12 respectively, and this is the cells that have been designed
for the Viking lander and since the cells were available, we are using it in a low-

earth orbit mode although the application here is really closer to the synchronous,

(Slide 142)

IMAMURA: Now, before I lead to the data, let me illustrate a couple of
points in regard to the data that I am presenting here. One is the fact that
capacity does seem to decay exponentially and it is a function of temperature,
With increasing temperature, of course, you get a decreasing capacity measure
and relative to changing conditions, after you start cycling, once you decrease
the temperaturc the capacity will tend to go up and increasing temperature it
seems to go back which seems to be almost like a reconditioning of the cell, of
the battery and this one is, well briefly, 20 degrees, zero, and 10 degrees.

The only thing I wanted to mention about that is if you plot on semi-log
paper, it is almost a straight line if you assume, if one is to assume exponential
curves.

(Slide 143)

IMAMURA: These are the test conditions, I will briefly go through then..
Orbit duration is 84 minutes cut down from a basically 90 to 95 minute type
orhit, but it doesn't disturb the cycle regime at all, so it is essentially a real
time test, 54 minute day, 30 minute dark, depth of discharge 25 percent, and the
intent here was to more .r less impose a bad condition on the cells so for the
first 5,000 cycles we imposed a 40 degrees C. temperature on a battery and a
1.1 recharge fraction. Now as far as the control, you know, voltage limits as
such, we opened the voltage limit so that we control by the recharge fraction so
that we could try to bound the problem, isolate the effects of tapering and sulphur
which really doesn't — it is a deeper subject but by controlling the recharge frac-
tion we wanted to determine the effects of different levels of recharge and we
have gone as high as 1.6, 160 percent of the C to D ratio or recharge fracti..n
and then various recharge fractions are imposed and what I would like to show
is just a couple of key points related to the 20 degree data at different recharge
levels and we will rerect this data for testing ut different temperatures to de-
termine what the - priate recharge fraction is,
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(Slide 144)

IMAMURA: So I will be talking about just a couple of key parameters, We
are monitoring watt-hour efficiency, amp-hour efficiency, along with the end of
discharge voltage which the discharge shows,

Now, we show two curves. One is a cell level control and shows the cell
voltage on this axis and for one, two, three, four, five decades, and this is the end
of discharge voltage in each cycle and it shows that after 5,000 cyrles we have
reached almost a one volt level. I don't know whether you can see this, This is
the one volt level, and here maintaining 40 degrees we changed the recharge
fraction from 1.1 up to 1.3, I believe. Initially we started at 1.6, 160 percent,
which is really sucked into the batt.ry, and then reduce it to 1.3. It basically
stayed there and the intent here v.as not to characterize the 40 degree tempera-
ture. We wanted to start earlier into different recharge levels but out of curi-
osity you might call it trial and error methods, some people may not like. We
went ahead and changed the recharge fraction at that point and then went into
different - went back down to zero degrees, 20 degrees, and repeated the test.

(Slide 145)

IMAMURA: Now this one shows the battery level control, in full and it
basically shows the same relative effect as far as the gain in end of discharge
voltage and when we changed the recharge fraction, obviously, or I guess it
wasn't too obvious. It dces go up.

(Slide 146)

IMAMURA: Nowthischargeis a late addition so I apologize if you can't
see it too well, but I would like to just point out at 6,300 cycles in changing the
recharge fraction we always wonder how long does it take to stabilize aud when
does it start going down, so this chart is trying to do that, This is 1.17, 1.18,
1.19 end of discharge voltage and on this axis we get one, two, thiree decades
showing first cycle here, 1,000 and the intent here is to cycle it just a sufficient
amount and I feel about 200 cycles is enough, but now we know that we should go
up to about 500 cycles in order to characterize this linear decay pattern on a
semi-log paper.

By that what I mean is when it stabilizes within about 50 to 60 cycles it
starts to go down and sure ecnough, looking at end of discharge voltage it follows
almost a straignt line if you take enough points there, and I just showed three
poings there. It is basically a straight line. Nothing disturbs the conditions,
That is important, which is temperatures, one of the key perturbators.
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(Slide 147)

IMAMURA: This one — I am sorry. I forgot to mention one thing. The
other one was 1.02 recharge fraction which tended to go down faster. This one
is 1.1 of the same temperature and one could see that if you extrapolate the data
from this point on that it does show that the life could be extended or the higher
recharge fraction was better under this condition than 1.02.

(Slide 148)

IMAMURA: This chart shows the recharge fraction of 1.06 at the same
temperature and the slope was such that it was better in terms of the terminal
point. If you extrapolate this all of the way down to one volt it would be much
higher. I don't have the numbers to show you but that is just to illustrate that
the slopes can be used as a quick criteria to use instead of running thousands
of cycles and we feel that 500 cycles is enough,

Now, to verify this kind of thing, we are running over a long cycle under
the same conditions, say about 1,500 cycles to see if it indeed follows a straight
line.

(Slide 149)

Now, in summary, I would like to point out that this assumes that you have
the charge control flexibility, the level of control that is being used on OSO.
Otherwise it really doesn't work and our feeling was that you do need charge
control flexibility in the form of voltage limits in order to control the C to D
ratio or a very active device like, say, a microprocessor that can be put in, We
are working on that, or a combination such as the coulometer, anything that is
for changing the condition of the charge, so we are looking from the standpoint
of forcing the cells to operate in some fashion and I guess another point that I
want to make on this is that "reconditioning effects," in quotes, could be achieved
by adjusting the recharge fraction and I think this data tends to show that so you
do need charge cortrol flexibility to that extent, possibly in addition to the re-
conditioning, You do have other methods of trying to rejuvenate the cells. Thank
you,

HARKNESS: Harkness, Crane. I noticed that at around 5,500 cycles at zero
degrees C., I didn't notice any end of discharge graphs up there. Also, I noticed
that most of your percent you started out with 117 percent recharge and then it
went down. I also noticed that in the first test was 117 percent and you ran it an
odd number of cycles. It only went like 80 cycles. All of the other ones ran 100,
150, 200, but was there any reason only ) cycles for that?
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IMAMURA: Thr reason is I wanted to run only 50 cycles to see the stable
noint just to try to show a straight line relationship. Okay? Now I don't think it
was 80 cycles. It was about 150. In fact, in total in each case. I am not so sure
whether I follow your question.

HARKNESS: How did the end of discharge voltages look compared to zero
degrees?

IMAMURA: It was higher at the colder temperature. You know, poly-
propylene separators behave differently than the nylon separators and it doesn't
seem to work too well at the colder temperature. Now it is a little bit higher
than the Pellon 2505, but I didn't show the data. I do have the data.

GROSS: Gross, Boeing. Did you get a reconditioning effect by either in-
creasing or reducing the recharge ratio or was it only when you increased the
ratio?

IMAMURA: It seems to do both hut the question is how long does it take
to stabilize and what is the slope once it stabilizes? In trying to optimize what
the recharge fraction is you have to pick a temperature and try to isolate these
variables, of course. Otherwise you have random data, and if you take a look at
the slope, 1.06 seems to have less slope in it. Therefore, it lasts longer. The
cells last longer. Now the 1,02 was clearly a case of one recharging, at that
temperature again, Now once you go into another temperature this relationship
doesn't hold but the key here is it doesn't matter what type of cells you have.

If you can run tests in that fashion you should be able to optimize what the con-
trol parameter is.

FORD: I didn't understand the significance of that nosecone shaped curve
you have. You had end of discharge voltage versus cycles and you showed ini-
tially it increased and then it started tapering off. I don't understand that. What
do you attribute that to? The increase, not the decrcase?

IMAMURA: Why do you show that or why show it?

FORD: Yes, you know, typically you start cycling on a fixed set of condi~-
tions and the normal degradation curve is one that decreases with cycling., What
is that first slope?

IMAMURA: This is a continuation of a series of tests and since we are
using two battery packs now, starting at 60 — in fact the other one started at
6,300 but it is a 150 cycle increment, Once you change the condition from the
last data point, end of discharge, what I am saying is that it has to increcase
and this is the stabilization time of cycles required,
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Now, once it reaches a stable condition it tends to drop down exponentially
which was reasonable under my assumption of the exponential decay now, so in
each one of these changes, once you change the recharge fraction it does require
some time for stabilization. I expanded the scale. Remember, this is the first
cycle after changing that condition. This is 10. This is 100.

(Slide 150)

GOLDSMITH: What change ..id you make there on that curve?

IMAMURA: Just the recharge fraction, Paul, from 1,02 up to 1.1, so I was
trying to isolate the one variable which is the recharge fraction now,

FORD: To get the recharge fraction you take, like, 300 cycles? Is that -
IMAMURA: Well, if you extrapolate this curve you take about 1,000 cycles,
FORD: I mean the positive slope, not the negative one.

IMAMURA: Oh, I am sorry,

FORD: You know, you are looking — you said you wanted to see the re-
charge of the stability so you suggested it takes 300 cycles before you settie out?

IMAMURA: Well, this is 1/1,000.
FORD: Okay, I am sorry.

IMAMURA: So this point is about 50 to 60 cycles and it seems to be
repetiti ‘e,

FORD: That is almost a week.
IMAMURA:; A week?
FORD: Yes, a weck of testing.

IMAMURA: We get about 15 cycles a day now, I guess that is close enough
for government purposes,

THIERFELDER: Tricrfelder, GE. When you say you are ounly changing

the C to D ratio you are .ually changing the current too, aren't you? Aren't
you keeping the same time?
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IMAMURA: Well, I didn't mention about the current, It was a fixed con-
stant, C/2 rate of charge.

THIERFELDER: But you are varying the time?

IMAMURA: Time, right. You could try to isolate all of this, once you
change the current the other thing you can say, you have it part of this .esting.
Temperature-wise, I think it is very important since we are running it under ..
chamber. We had to make sure that the cells stabilized. You know, when we
say 20, I wanted it to be 20 plus minus three degrees. Otherwise it really would
be different characteristics, Okay?

WEBSTER: Thank you.

All right, our next speaker is Mr. David Jones of Radian Corporation and
he will be addressing the subject of state of charge on vented nickel-cadmium
batteries.

JONES: 1am going to talk about the results of a feasibility study that we
recerntly completed for the Aeropropulsion Lab at Wright Field. We were con-
cerned with vented ni-cad batteries, these were 22 amp-hour cells. The Aero-
propulsion Lab wants something practical thot they could use as an on-board
tester for state of charge for their aircraft ana thc test cell population they gave
us kind of reflected that. The cells were from three manufacturers., Some of
them were new, Some of them were used. A lot of them had actually been re-

moved from various types of aircraft. They also gave us one !¢t .. lls that
was already kind of fading away inio the sunset to see what we - '+ ) with
them.

We developed the test based on single cell work and thenwe e+t . tw
some four cell batteries just to see if it looked like it might be exi~:.. @ [ up~
ward to a multi-cell battery. The basic approach we used wastoa - .me

very short duration high current pulses to the battery and look at iis ..:sponse.
The short duration means one to 200 milliseconds. High current ineanus one to
400 amps. We looked at both charging and dischargc pulses. Under some cases
we control voltage., Under some cases we coutrol current, and 1 will show you a
few of the results we have obtained.

(Slide 151)

JONES: On the left we show the type of pulse that we ended up using. It is
a constant voltage discharge pulse. The open circuit voltage was, of course,
around 1,3. We discharged down to about 1.05 volts. What we monitored was the
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current response and that is shown on the right and it had a peak ana then de-
cayed to a fairly constant value with time.

(Slide 152)
JONES: Our most succzssful test is listed here. We used a constant load

discharge for three seconds Aciuss u ."11 ohm resistor to kind of get the cell's
attention, a quarter second delay open circuit and then a constant voltage dis-

charge pulse to 1,05 volts. This lasted 120 milliseconds. This pulse, incidentally,

the initial discharge conditioning pulse as we call it, because we don't collect any
data during that constant load pulse, removes about 0.4 percent of the battery
capacity or the cell capacity.

(Slide 153)

JONES: Again, schematically, this shows the cell voltage as a function of
time during our test, a three second constant load pulse, open circuit delay and
then a constant voltage discharge pulse.

(Glide 154

JONES: Here is a schematic of the type of circuit we use. The current
during the pulse flows through a loop formed of the test cell through ground.
We have a power supply shown here for a discharge pulse, of course. We don't
actually need that. Wc .ave an op. amp. that controls the current flow through
a transistor such that the voltage of this cell is maintained at 1.05 during that
constant voitage discharge pulse., We have a timing circuit up here that first
closes a relay to discharge the battery through a constant load.

(Slide 155)

JONES: And here are soiae results. These are single cells at 75 degrees
F. You can see there is a good deal of scatter there, however. These represent
a very broad history of cells. In addition, they are single cells. If you make up
a battery out of a group of those cells there is some tendency to average out the
cell to c:ll variations. You will notice we go up over 100 percent of full charge,
The reason for that is that some of these cells would actually deliver a greater
capacity than their stated 22 amp-hours. “ou can also see th~t the test response
we get runs up close to 300 amps for some cells.

(Slide 156)
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JONES: I have some results for a single cell here. ‘rhere also is a little
bit of scatter for a single cell, We repeated several points up in this area and
I think this is in part due to our inabiliiy to make real accurate measurements
of our test response at this time., With some circuit improvements I believe
that can be improved.

(Slide 157)

JONES: Here is an interesting set of results. The solid line here is the
solid line you saw ear''~v, It represents average hehavior of good cells, All of
these other points repre sent some cells which were of questionulle quality.
What we did was discharge thuse cells and then we added an amount of charge
that would have brought a good cell up to 100 percent, and then we testud these
cells and this is the response we got. Even though these cells are in various
grades of defective, they still fit our original curve pretty well,

(Stide 158)

HELLFRITZSCH: 1s that the peak current?

JONES: Tam . .y?

HELLFRITZSCH: Is that the peak current?

JONES: No, that 18 the curreut at 100 millireconds.

HELLFRITZSCH: That is what I wondered.

JONES: We also d°1 a little bit of test just to see what the effect of cycle
life might be on this., We took some of the new cells we had and the two different
points represent 100 percent of charge and 50 percent of charge we ran them

through aboui 50 cycles and over that range there does not appear to be much
difference in test response.

(Slide 159)

JONES: We also did a little work to see what the effect of temperature
was and it turng out there is a very significant effect. The three lines represent
three different states of charge, 100 percent, 75 percent, and 50 percent, and
then we have the test response versus temperature for each of those lines. You
can see that ai a given temperature there is a difference in test response depend-
ing on state of charge. For a given state of charge, however, there is an even
bigg- » difference in test response for a large temperuture change., What this
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means for a practical test is that we are going to have to know the temperature
of the cell pretty accurately.

(Slide 160)

§ JONES - .ext we extended this to some four cell batteries just to see what
we sot. Whet -ve really did was just change all our parameters so that each indi-
vidunt cell should see the same test environment as a single cell saw in our

! ea: lier test and this is what we came up with, three second discharge, but across
.044 ohmes, a quarter of a second delay and then a constant voltage pulse dis-
charge to 4.2 volts, again for 120 milliseconds.

(Slide 161)

JONES: This is a plot of the test results we obtained. The scatter is de-
creased slightly by going to four cells and we believe this is because some of
the cell to cell variations are being averaged out. This work all was done at 75
degrees fahrenheit. We did not extend this work to other temperatures.

The Aeropropulsion Lab also gave us a few sealed cells, 20 amp-hour cells
and we tried this test on them and really had very little luck. The cell to cell
scatter was so much that it really smeared out the variation with state of charge.
We feel like this is because they are starved for electrolyte, The internal re-
sistance of those cells varied over quite a large range. Thank you.

WEBSTER: Thank you. Any questions, comments?
GRUSS: Gross, Boeing. What happens if you left off that initial discharge ?

JONES: We got a larger scatter, not greatly larger but it improved it
enough we felt like it was good to put it in,

KLEIN: Klein, Energy Research. On the defective cell test, I am not sure
that your stated capacity —

JONES: Well, we discharged those cells and we put in enough charge that
they would come up to 100 percent if they had been good.

KLEIN: Okay.

JONES: And then we tested them.

KLEIN: Right.

187

W e A 4 RS

<3



A AT A SR | RO BRIk TS, BT o R SD F 4 Xy e

JONES: And using that test response we took the curve, you know, that we
developed from good cells and predicted a state of charge for them,

KLEIN: Did you verify that by then discharging the cell and —
JONES: Yes.
KLEIN: - finding that you had 20 percent rather than 10?

JONES: Right. In all cases these points here represent actual measured
state of charge.

NAGLE: Nagle, Lewis. Is this work published yet?

JONES: No, the final repcrt was submitted about a month ago. Wright
Field will be coming out with a published report soon. I don't know how long it
will take them.

NAGLE: Thank you.

SEIGER: Is there any dependency on whether you approach given state of
charge by discharging or charging and if so, does that initial pulse effect it?

JONES: We really didn't examine that much, We did a little at the 50 per-
cent state of charge. We tried going up and we tried coming down and it didn't
seem to affect it. This was a feasibility study and there are lots of things like
that that we planned to look at but have just not done so yet.

SEIGER: Okay.
WEBSTER: Okay, thank you very much, Dave.

Our next speaker is Mr. Martin Sulkes of USAECOM and he will be dis-
cussing the subject of pulse charging.

SULKES: The work 1 will report on was actually done by Otto Wagner and
Dottie Williams of our laboratory and unfortunately Mr. Wagner couldn't be here
today. We will talk about the effect of pulse and direct current charging on the
electrical performance of vented nickel-cadmium batteries. We have a little
time for vented this afternoon, this morning.

We use a Geuld rapid charge which was specially designed and constructed
for us and this particular unit has a wide adjustability as far as frequency intervals,
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of on-off charge time and so forth, The particular hatteries used was a vented
nickel-cadmium battery which contained five BB 616 cells of 5-1/2 ampere-hour
rating and these were made by Eagle Picher. Charging at the various test modes
was carried out at rates between C/2 and 4C and the temperature range check
was minus 40 fahrenheit to plus 125,

The particular input used was 100 percent of the theoretical capacity of
the cadmium anodes which in this case was 12 ampere-hours. The theoretical
capacity of the nickel cathodes on these cells was 7.3. All of our discharges
were run at the C rate at room temperature ambient to one volt per cell. To
determine the capacity of the cadmium anode a partially charged nickel hydroxide
reference was used and discharge was carried in reverse until the half cell
potential of the cadmium dropped to 0.2 volts,

The first graph, please?
(Slide 162)

SULKES: Employing the Gould charger, it shows the four types of charg-
ing modes — no, it shows three. The fourth, of course, is DC. We used positive
pulse which has no discharge. We call it a Romanov which does have a three
amp. discharge for 11 milliseconds and what we call a McCulloch which had a
50 amp. for 0.2 milliseconds. In all cases the average charge rate was 10 amps.

In this case they were all 60 hertz pulsing.
(Slide 163)

SULKES: In the next figure — that one came out lousy. Are there two of
them there? It is marked on top. They are in order, Okay, this shows the
capacity of the nickel and the cadmium as percent of theoretical capacity versus
the charge temperature for the four different charge modes. We used an aver-
age 2C charge rate and the data does show that where you did imply some dis-
charge pulse we did obtain approximately 10 to 15 percent higher capacity using
the Romanov and the McCulloch type. This occurred in the range of minus 40 to
about 100 degrees while above 100 to 125 it gets to be quite a bit less difference.
Also, the positive pulsing does not show that great an increase over the straight
DC.

(Slide 164)

SULKES: The next figure shows the same data using a fixed temperature,
in this case minus 20 fahrenheit and it compares the performance as a function
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of charge rate, and in this case we found we had our highest performance at about
the 2C rate. At the very lowest rates, C/2, again, there was little difference
appearing and the same general trend appeared with the Romanov and McCulloch
showing approximately 15 percent battery performance.

The fact that the Romanov and McCulloch actually do have quite different
wave shapes and yet we got basically the same type of improvement and the kind
of conclusion that was drawn from this was that perhaps the energy which appears
in the negative direction has an effect on this and it turned out that the amount of
negative energy in both of these modes was about 2 to 2-1/2 milliwatt-seconds
and if this energy is a critical factor then you could be able - it should be possi-
ble to change these amplitudes and times to kind of come up with a device which
is simply built, does not have to have a very large current carrying capability.

Next slide, please.
(Slide 165)

SULKES: In order to determine the importance of the energy of the nega-
tive pulse at various positive and negative pulse amplitudes and intervals we ran
a test at minus 20 Fahrenbheit extreme and a charging rate of 2C. Again the fre-
quency was 60 hertz and this particular figure shows the relationship between
the energy of the negative pulse and the capacity of the nickel and cadmium
electrodes. The capacities at the zero energy level which is at the bottom repre-
sent the DC mode.

From the figure it appears that a maximum capacity for both electrodes
is obtained at a minimum negative pulse energy of 2-1/2 milliwatt-seconds and
when we put this info practical terms it results in about 10 to 15 percent of the
energy being in the negative direction.

An important finding of this investigation was that nickel~cadmium cells
which had lost capacity due to fade-out or crystal growth of the cadmium
hydroxide could be restored to their original capacity by one positive pulse
charge cycle. Next figure?

(Slide 166)

SULKES: This particular figure shows the discharge curves of the cad-
mium nickel hydroxide of BB 616 cells that have been subjected to a fade-out
regime and then reconditioned by a single positive pulse charge cycle and what
we had done in this where we had an original capacity, the nickel, as you see,
remained the same. We had 6,9 ampere-hours. The cadmium, on the other
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hand, was about 8.1 ampere-hours fresh and we subjected these cells to I guess
you would have to call it an artificial fade out cycle which consisted of charging
at 0.5 milliamps per square centimeter for 200 hours at 125 and then discharg-
ing at the same current density and temperature until we completely discharged
the cadmium. When we subjected these cells to three normal DC cycles the
nickel capacity remained at 6.9 while the cadmium anode had dropped from 8.1
to 6.5 ampere-hours. A total of 10 DC cycles was run and was unable to restore
any of the cadmium capacity. A single positive pulse charge cycle run at the
C/2 rate at 60 hertz, we have a pulse amplitude of 25 amps for an interval of
1.8 milliseconds and a total of 12 ampere-hour input and now in that subsequent
discharge we had increased the cadmium capacity back up to 8 ampere-hours
which was just about the same as the original.

Next figure, please ?
(Slide 167)

SULKES: These are scanning electron micrographs of the — taken of the
surface of the cadmium plates in the discharge state and we show the cadmium
anodes before and after fade out and after the one positive pulse cycle. The
magnification, I think we have a 10 micron marker in there somewhere. I don't
see it, Okay. But in the upper lefthand corner we are probably around one to
two microns. After the fade out we have gone up to about 50 to 100 microns.
After the pulse we have brought the average particle size back down to around
three to five microns, and there is no doubt that the performance change does
correlate very well with the actual physical change observed in these plates.
We ran normal DC after this pulse type of cycling and the batteries have re-
mained normal after this.

After these rather good results we wanted to find out if prolonged pulse
cycling would have any deleterious effect on a battery and in this particular
case we used a five cell BB 406 battery and we ran it at a 60 percent depth of
discharge with charge and discharge both at the C rates and we used what was
basically the Romanov mode of charge and on every 50th cycle we gave deep
discharge, three deep discharges to determine true capacity. Over 1,000 cycles
we found no appreciable loss of capacity., However, in the next figure, we did find
that there was a so-called "memory effect" as a result of the semi-shallow cycl-
ing and in order to recover the capacity a deep discharge was required to bring
the cells down to zero volts,

SUIKES: What this would tend to indicate is that pulse charging in itself
will not eliminate memory. If the particular cause ascribed to it, in this case
by Wagner, was the development of the alpha Nickelic state due to prolonged

overcharge.
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(Slide 168)

SULKES: Well, we are basically finding some good results with the vented
cells. We now decided to look at the sealed ones, then having the same equipment
available and working basically with the same parameters we found we set up a
five cell sealed D battery, that is the next figure.

(Slide 169)

SULKES: These are G four ampere-hour D cells. They are high rate de-
sign, Pellon separators. They were made as a very well matched group. In order
to control charge conditions we have a pressure switch and also a thermal control,
not knowing exactly what would happen, and we have looked at the range of charg-
ing rates between C/8 and 2C and over a ‘emperature range of minus 20 fahren-
heit to 125. All of the discharges were carried out at the C rate at two one volt
per cell.

The next figure, please.

(Slide 170)

SULKES: This figure shows the input and output capacities for both con-
stant current in DC at C/8 and the control on the charge in this case was by
pressure and it was at 18 psi measured at the switch. In this case, basically,

it turns out that there was no difference noted between either pulse or constant
current,

The next figure?
(Stide 171)

SULKES: It shows the C/2 rate. Again, no difference between the pulse
or constant current. Obviously, the capacity has improved quite a bit.

Next figure ?
(Slide 172)

SULKES: This gives the performance at the 2C rate. In this case we find
that we were unable to operate with the pressure control at the minus 20 because
of hydrogen generation but in fact there is no difference for these particular cells
between the pulse and the constant current. One point I would like to raise, that
the voltage curves on charge were effectively the same so you didn't have a reli-
able method of controlling other than pressure.
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We also looked at temperature control. I think the next figure will give
you that one,

(Slide 173)

SULKES: Okay. The particular control used in this case was a delta of
20 degrees fahrenheit measured from starting to final and in this particular case
there was a center rise in temperature with the pulse. The straight lines repre-
sent, by the way, the output capacity there, and basically what we came up with
from this is that for these particular cells at least, which happened to be very
good ones, there was no improvement at all by using these parti:-ular pulse tech-
niques which were found to confer some benefit in the vented cells and I think
some of the patterns of greater capacity as a function of rate and so on are of
course known, particularly at the higher temperatures. That will be all.

CORNELL: Cornell. Were both electrodes nickel?
SULKES: Yes.

CORNELL: Vented also?

SULKES: Yes.

FLEISCHMANN: Fleischmann, C & D. Do you think if you changed the
frequency on the sealed cells you would see the effect of pulsing?

SULKES: 1 don't know if I made the point but we did look at the frequency
on the vented and it runs from 30 to 2,000 hertz and over that range there was
no difference, I think that same thing would tend to hold with the sealed —~ you
know, you get into very high frequencies, there are certain strange mechanisms
going on at very low - you are not doing the same thing any more, but over 30
to 2,000 there was no effect on the vented.

SCHULMAN: Joe Schulman, PSI. Did you try changing the ratio of your
negative current, through negative or through positive pulse with an amplitude
of those ratios to optimize it?

SULKES: Yes. If you notice, there was the Romanov and McCulloch they
were rather striking differences. I think we had a three amp. discharge and I
think it was a 50 - I have got it here — 50 amp. charge versus on an average of
about a 12 amp. charge and a 50 amp. discharge and the particular point that
was found was you might say the percentage of the total energy. In other words,
that it was 10 to 15 percent rather than the particular amplitudes that were
actually being used.
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SCHULMAN: When you went up to higher frequency you just made the
pulses proportionately narrower or you kept the same pulse widths ?

SULKES: No, they would obviously have to slim down. Yes, Floyd?

FORD: Ford, Goddard. Do you have a control group that was constant
current charged while you were pulse charging?

SULKES: You are talking about that cycle life thing?
FORD: Yes.

SULKES: No. In other words, we had basic data on what these batteries
should do and the point that - we were looking at whether any data facts, you
know, doing a lot of overcharge under these type of conditions and in fact we ran
1,000 cycles and we found no loss in capacity, which, you know, we typically rate
our vented batteries under 60 percent depth of — at somewhere around 1,000
cycles, so we consider that had no bad effect. The point about memory is that it
didn't do any different than DC as far as a loss of capacity after shallow cycling
and the same way you brought it right back again, though. Yes, sir?

IMAMURA: Imamura, Martin-Marietta, When you went into a reverse or
discharge, in the case of Romanov, what criteria do you use to test the bandwidth
or how much discharge versus how much charge ?

SULKES: It actually ended up being about 10 to 15 percent is what it worked
out,

COHN: Cohn, NASA Headquarters. How do you explain the difference be-
tween the sealed and the unsealed cells, the differenc= in behavior ?

SULKES: Well, you don't have to control a vented battery. You can gas.
You can do anything you want. In a sealed one, of course, there are limits on
what you can put in and perhaps having to work against those limits, in this case
we use pressure, or temperature, we found we couldn't get any more out of it.

I think also a key consideration in all of this pulse work is the better the
battery is or the closer to optimum performance, the less effect this type of
treatment will have on it, It is most effective, for example, in silver zinc where
you have a lot of layers of separator, a lot of diffusion barrier. That is where
you see the greatest effect and the better the battery is the less you will have it.
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Now also talking about diffusion, you remember in our vented batteries we
do have at least one cellophane layer plus two woven nylons as separator whereas
you only have the Pellon in the sealed, so there is a less of a diffusion barrier.

END OF MORNING SESSION
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AFTERNOON SESSION

WEBSTER: Our first speaker is Jim Harkness of Crane and he will be
talking about storage mode.

HARKNESS: What they first told me is that you are supposed to, when you
give a talk, get nice eye contact and it looks like everybody is taking their after-
noon nap right now, so it is just going to make the job a littie bit more difficult.
What we are going to talk about is I am going to try to update what was presented
in the 1972 workshop by Floyd Ford of Goddard on the various storage mode test-
ing being run for them by Crane. The type cell is an OAO 20 amrere-hour,

The various tests, when he presented it in '72 was that there was a trickle
charge C/40. There was also a discharge and shorted condition and there was
also what they called an integration test which is a random cycling type. Since
this time the integration pack has been discontinued because it proved what we
all know now, that the integration pack and the flight battery pack should not be
one and the same, and the data that you have seen now will show this, what you
already know.

Sirce that time we have also added one more test regime and that is a dis-
charge OCV test. In other words, it is discharged under the OCV condition. Now,
every six monihs, approximately two weeks is spent where the battery packs re-
ceive three capacity discharges, two zero degree ove)charge tests and what we
call an internal short test in which they are shorted for — shunted for 16 hours,
shunts are removed and allowed to recover for 24 hours and you measure the
voltage.

(Slide 174)

HARKNESS: All of the capacity tests and discharges are done at the C/2
rate. Pack 215-B up at the top is the discharge OCV pack. It has only 12 months
of testing on it since it was started later. Also remember that it is not of the
same lot of cells that were initially used to set up the other tests. These are
just the various capacities that were taken out following the six month's test.
you can see the first discharge and then the second discharge. The second dis-
charge actually follows the taper charge. Now this is down to 18 months and
what was presented in '72 was the 18th month check.

(Slide 175)
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HARKNESS: The other part of this, as you can see, the C/40 has fairly
stabilized. The shorted condition pack has decreased somewhat. Now if you
look, let us see if I can find it here, there. This is an increase. Now the reason
being that after 42 months the third cell which was the limiting ceil here, was
removed for analysis. It probably shouldn't have been, but we picked the wrong
one and I think it was a mistake at this time, but this is why you have got an in-
crease here,

(Slide 176)

HARKNESS: This is the trickle charge pack. You can see the first capac-
ity discharge after 18 months compared to the one after 48 months and then also
the last one that it received on the two week testing regime. The curves here
indicate that the third capacity check after 48 months was approximately one
ampere-hour more than the first one but again if you look at the plateau on that
the amount of watt-hours on the curve are approximately the same with the dif-
ferent plateaus here.

(Slides 177 & 178)

HARKNESS: Next is the open circuit voltage recovery. The 215-A is the
random cycling. You can see it kind of went to pieces down in here. The C/40
trickle charge also has decreased. That was 24 months. This is the update to
48, As you can see, the random cycling or the integration pack is gone. The
shorted pack seems to be maintaining ) wch better than the C/40.

(Slide 179)

HARKNEFSS: Now the results of the zero degree overcharge test, this is
the first 18 months. Your C/40 on the first 18 months looks the best as far as
voltages. Your shorted pack has increased on the first one over to coming back
to kind of normal on the second one.

(Slide 180)

HARKNESS: As you can see, the C/40 trickle charge now is going up to
where it has to be discontinued after one hour and 28 minutes during this test.
Now this test essentially is — we have put them in zero degrees for stabiliza-
tion at C/40 for a minimum of four hours. We discharge at six amps. for five
minutes and then it is a C/20 for five hours. As you can see the pressure limit
got up too high on the C/40. The integration pack was way out all of the way.
You can see why it was discontinued.
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(Slide 181)

HARKNESS: Overcharge voltage results, the plateaus, as you can see,
what we are showing is prior to when the test ever started and then after 18
months and then now after 48 months, As you can see, on the discharge and
shorted, your peak has increased slightly and your plateau has in.reased,
whereas at 18 months it was essentially very close to the plateau to the storage.

(Slide 182)

HARKNESS: This is your trickle charge. As you can see, the peak has
climbed and now your plateau level has increased.

(Slide 183)

HARKNESS: Your integration pack, kind of looks bad.

(Slide 184)

HARKNESS: This is your discharge OCV test. The integraticn is labeled
wrong and like I say, it has only had 12 morths to date. Your pack 215-B is the
discharge OCV pack. it is not the integration pack. It is labeled wrong. It was
labeled right, I think, on the first one, but 215-A is the only integration pack.
215--B is the discharge OCV,

That is it. I think it was nice and quick.

WEBSTER: Thank you. Any questions? Dr. Scott?

SCOTT: Scott, TRW. You are tearing those cells down?

HARKNESS: Yes.

SCOTT: Quickly, what do you see?

HARKNESS: We see a tear down analysis. I don't have the results of that.

FORD: But it is available if you want to call on that?
HARKNESS: Yes, it is available.

WEBSTER: Any further questions?

198

S——



% e

f, PRI o s e s L T

a4, IR ERE

s et

5 s o

WL B 7 n o a

t
P

]

1

f

— g e e
[ONEU——

SULLIVAN: I am not sure ] followed everything you described, but do you
have an opinion at this time for storage or would you like to see them store it
open circuit or trickle charge or what?

HARKNESS: Initially starting out it looked lik2 the trickle charge was the
one to use after the first 18 months when Floyd pr- .ented it. Now, it does look
like they are getting worse in the discharge shorted tests. Floyd, do you have a
comment on that?

FORD: Two comments, two points I think should be realized, that after 48
months all of the packs, irrespective of their storage modes, had over four months
of testing on them, 8o 1 think in the discharge shorted you begin ¢ see the effects
of the cumulative six months interval of testing, okay, so that added up to a total
of four months, even with the discharge shorted.

On the trickle charge last year I presented a Vugraph comparing the
amounts after 18 months, the amount of electrolyte in grams per cc that we
found in the separator on the three types and the only thing we could see was at
an 18 months interval it looked bad and this was internal, not external, a phys-
ical measurement, was that the amount of electrolyte found in the separator of
the trickle charge was less than 50 percent of thc electrolyte that was in the dis-
charge shorted. The amount of electrolyte that was in the separator for the
random or the integration mode was like about 80 to 90 percent of the discharge
shorted, so I think what the suggestion is that the trickle charge mcde while over
the short haul doesn't seem to have too much effect, over the long haul it becomes
of concern too and I think you are getting with trickle charging an expansion of
the plates which we will have physical dimersions on, and I think you are secing
the effects of this now after four years, but you look at it in a real sense what it
means to us and the initial purpose of the test was to trv to find what the best
mode was or what the optimum mode was for battery build up and getting them
to the spacecraft and my conclusion is still discharge and shorted.

HARKNESS: Of course this brings out another interesting question that
we do this every six months., Now if we would run the initial test and it didn't
do anything for four years how would the batteriet have looked? I cannot answer
this. This was not the way our test was based.

SPEAXER: How about the storage temperatures?
HARKNESS: Storage temperatures are all room temperature, 23 to 25

degrees C. The overcharge test is the only one that goes down to zero degrees.
Yes?
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KUYKENDALL: Kuykendall. In addition to the previous problems I have
talked about in using the batteries more than they were ever tested for, we are
talking about storing spacecraft in orbit with the batteries. Does any of this data
lead to recommendations about the best way to handle the batteries in orbit be-
«ween eclipse periods where they are not going to be used at all for 4-1/2 months,
that they could be trickle charged, charged off, discharged and charged off ?

What would be the best?

HARKNESS: Doesn't that go right in line with your question, Ralph, on which
was the best mode ? 1 thought we said that discharge was.

FORD: Okay, what we have ssen from this storage test, in orbit storage,
because that is what you are talking about —

KUYKENDALL: Right.

FORD: The other one was ground storage, but in orbit storage, it looks
like the bes! options we have available to us short of individual let down, strap
out, you know, is a low rate trickle charge. Now a low rate trickle charge may
mean C/60, C/70, in that range. Quite frankly, I don't know that we know what
the lowest rate you go to as a function of temperature. The data today suggests
that the low rate trickle charge, all that is needed is to maintain polarization on
the cell voltages to offset self discharge, so I think if possible that you would go
much lower than C/60 but that looks like to met to be one of the better modes
for in-orbit storage.

WEBSTER: Last question,

SCOTT: Scott, TRW. I am sorry, I can't agree that that is the only option
available to us in orbit. You have more than one battery, I think we have data
which now shows that you can let the battery down if you just look for essentially
zero volts, shorted ont, and that alternated with possibly trickle charbe may be a
better way to go for long missions.

HARKNESS: Floyd? Didn't you say outside let down, discharge, trickle
charge?

FORD: Well, when I said let down discharge, I am assuming you have the
ability to do it, to strap out each cell.

HARKNESS: Yes.

FORD: 1 think you are suggesting that you can do it at a battery level and
not strap out each cell,
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HARKNESS: That is right.
WEBSTER: Okay. I want to thank you very much.

Okay, our next speaker is Dr. Scott of TRW and he will be speaking on
Cells Shorted for Years.

SCOTT: First of all, I am going to try to confine my formal presentation
to storage on the ground. Maybe later on we can get back to talking about what
that means in terms of storage in orbit.

Secondly, it begins to look now like if you know that you are going to have
to store cells for a long time on the ground I think it is probably going to turn
out that the best way tc do it is to store them dry, not wet. We only have a very
limited amount of data on that point for storage only up to about a period of about
up to a year and testing only through acceptance testing, a very limited look, but
we see no apparent difference between cells stored dry and cells stored shorted
under controlled conditions, at this point in time.

Now, having said that, I am gcing to now talk about some results that we
have obtained from looking at cells stured shorted wet up to about four years,
which happens to be the same number as the maximum storage time of the cells
you saw. The circumstances are that in this case the impetus behind this work
was that a particular spacecraft program originally started out with launches
very close together and so we built up a large number of batteries to support
these launches and then the program became stretched out farther and farther
and farther and now it appears that there may be no end to the launch schedule
and we have all of these batteries sitting around and we are wondering what to
do with them, whether to throw them away, or to use them or what, and the

program -
SPEAKER: Buy new ones,

SCOTT: Could I quote you the estimated cost to the program of one of
these batteries, namely, $35,000, so it was worth just a little bit of time to in~-
vestigate whether ..e really needed to buy new batteries or not, so with that, —

We launched on a program which is still underway to investigate the con-
dition of the cells in some of these batteries, mainly by looking at cells which
have been stored shorted for comparable periods of time. W- have done a little
bit of electrical testing on some sample batteries that have been stored for a
considerable period of time, and some of the testing on additional sample cells
from these same lots stored shorted up to periods of the order of four years.
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Now last year, some of you may recall, I presented a first peek at some
data that we had obtained from opening up cells that had been stored for three
and four years. The data I am going to present today includes those same cells
and adds some additional cells to the data package, so we did some electrical
testing of batteries and cells. That electrical testing was about the same as the
original acceptance testing of those cells in the batteries. It was done when we
first received the cells involved, so we retested under similar conditions and
compared the results with how they behaved when they were new. This is a
summary of the electrical testing that was done.

(Slide 185)

SCOTT: You see here three flight batteries taken right off of a spacecraft
in which the batteries were stored with the cells shorted on the spacecraft, Here
are four cells that were isolated from each of those same three batteries and
put through some additional cycles under controlled constant current conditions.
This cycling was done under the system buss operating conditions which does
not allow constant current charging, so we got a little additional data on cell
performance here and then in addition we took six cells that had been stored as
cells in a shorted condition and did conditioning cycle, three 24 hour cycles and
then a low temperature overcharge test.

Without belaboring this, the results of all of this indicated that these stored
cells did not behave significantly different than they did when the cells vere pur-
chased and most of the cells that were in this particular test group haa oeen
bought a total of four years since activation and they had been in storage for 2 to
2-1/2 years, so that was one aspect of the test program.

(Slide 186)

SCOTT: The other was a cell tear down analysis and the scope of that work
to date is summarized here. We are showing six different test groups, with total
numbers of cells analyzed in each group and the number of different cell lots that
were sampled under each line item. I am not going to read this but you can look
at the — you can just get an idea of what the total scope of the thing was. The
conditions, now, that we have covered, run all of the way from brand new plates
before putting in the cells through the cells as received without any testing in
house all of the way through to, as you see here, cells stored as long as five
years after receipt and acceptance testing.

(Slides 187 & 188)
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SCOTT: Now, I am going to show you only a part of the data because 1
didn't bring all of it with me and don't have time to present it anyhow, but I think
one of the most interesting aspects relate to the question that came up yesterday
and that is electrolyte distribution and positive plate thickness. This is a tabu-
lation which compresses a lot of data in a small space. You don't have to really
read this if you don't want to because I am going to show you sort of a graph of
this data which I tried to indicate pictorially what is going on, but you can read
it in the minutes here.

(Slide 189)

SCOTT: Here is an attempt to pictorialize that data. It is also rather busy,
but I want to make one point which seems to be coming out of this data which has
not been clear at least to me before this time. That point is that of the total change
in electrolyte quantities in the separator and in the plates, that we observe from
the time that we receive the cell to the time when these various points in the
history of the cell, of that total change, a very large percentage of that change
has occurred right after acceptance testing before we do any storage whatsoever.

Apparently, what is happening is that the test conditions which include, by
the way, in all cases here, a 30 cycle continuous charging test that goes along
with, as part of our general test acceptance procedure, so you see, here is the
changes in these various, the total weight loss extractable from the separator,
positive plates, and negative plates, and the ALK, which stands for total alka-
linity which is the sum of KOH and potassium carbonate concentration in weight
percentage and, well. I guess in this case it is plotted in terms of mil. equiva-
lents per square decimeter, and it shows that the separator starts to go down
during acceptance testing and continues on down a little bit further during short-
age, during shorted storage, but the larger changes that occur during this period
of time occur in the plates and then they seem to — well, it is not obvious whether
they really are changing further during storage or not, because the variability in
these numbers is quite large and it could be that all we are seeing is the result
of the variability from lot to lot because these are from cell to cell actually, be-
cause of course, we did not have precise controls over these data and these data
here are obtained from entirely different lots in this case because we only started
this whole testing program a year ago and of course we are talking about analyz-
ing three and four year old cells now,

I think the point still is that it looks like the largest chunk of the total changes
induced by the say we treat and store cells, we are introducing during acceptance
testing and probably very little additional changes are going on during shorted
storage,

(Slide 190)

203

B I e e ARy R LR S v«m'hb:“'ﬁ"‘"e&ﬂl’*‘“?’“\M"“‘““*""i"”‘““' S STt

o, G88, selah A S

nafeotlis-d L

S



—~— ——— ——

SCOTT: Those changes correlate rather well with changes in positive plate
thic ‘mess. Here the change prior to the end of acceptance testing is even more
dr ~matic relative to the change which appears to be occurring during various
storage modes. So you can see this is the thickness, initial thickness in milli-
meters of the plates as they are put into the cell before they ever see any electro-
Iyte. These are the cells as they come in the door and this is the range. This is
the average of two different lots after we complete acceptance tests and then on
dow 1stream,

SCOTT: The other parameter that we tried to characterize and is much
move difficult to do so in any quantitative fashion is the degree of cadmium
migration in these cells, and I really haven't figured out a good way to describe
the variety of cadmium migration phenomena that we see in these various cells.
Even the cells as they come in the door are not entirely free from surface de-
posits of cadmium on these negative plates, but the occurrence and the intensity
is relatively low in most cells.

(Slide 191)

SCOTT: Then after acceptance testing I can only show you a few scanning
nlectron microscope photographs of what is typical that we see typically after
s.ceeptance testing. This is the negative plate surface, a tyvpical area on a nega-
tive plate after ..ceptance testing. This is magnification 100 times. This is -~
excusc me, 300 times, and this is 1,000,

Notice the widely scattered cadmium crystals, but you can also see down
beneath there the original surface appearance of the cadmium plate before any
of the larger crystals appear on the surface. You can see that even better here.
This is the original grid structure down there. Starting with that, actually, when
you get to — all ¥ crin say is that we have looked at a similar — take a similar
look after up to 1our vears of storage and generally speaking we don't see a great
change of st 1ge and generally speaking we don't see a great change in the de-
gree and {;pe of surface deposits after storage, so far we conclude that what
happer.. during acceptance tests maybe must happen. I am rnt sure, and I am
not sure how typical it is of great variety of cells yet. Then from there on the
growth of cadmium deposits of this type in the cell is relatively small if there

3 any at all. As I say, our controls are not adequate to statistically separate
the small changes.

(Slide 192)

SCOTT: This is another form of cadmium migration which is the type that
grabs the separator, Now, I have heard a number of statements about cadmium
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migration which I interpret as equating cadmium migration with sticking of the
separator. In my view these can be completely independent. There can be a
horrendous deposit of cadmium crystals on the surface of a plate and no stick-
ing of the surface of the separator whatsoever,

On the other hand, there can be relatively little total cadmium on the sur-
face and the separator can be stuck. In most cases there is both, but in my view
I think we have to be a little more particular as to how we refer to and describe
cadmium migration if we want to look at the question a little more carefully, but
this is a form which you see if you have initially sticking of the separator and
pull it loose ad this is what is left behind. You see the imprint of the separator
fibers? This is now a 100 X magnification and this is 300 and you see here the
channels. You don't see any of the original surface visible at all. It is com-
pletely covered by a surface growth of cadmium deposits. The interesting thing
about this is that in a few spots in some cells you can see this level of deposit
and this type of sticking even after acceptance testing before the cell has been
cycled to any greater degree or the cell has been used any further. The area of
coverage is small but it does occur in some cells.

(Slide 193)

SCOTT: Okay, I want to make one final point before I get cut off here. We
did do electrochemical flooded capacity testing of the negative plates. Wait a
minute. What is this? I grabbed the wrong one. I guess I don't have that one
with me. This is another set of data showing separately the potassium hydroxide
and the potassium carbonate concentrations.

Okay, I am not going to discuss this further. This goes along with the other
set of electrolyte analysis data but I will just say that we did remove —~ after we
removed the negative plates from some of these cells and during tear down we
did flooded capacity tests and we were particularly interested in seeing what kind
of capacity we would get on certain plates from cells which had the heaviest de-
posit of cadmium on the surface and the greatest degree of sticking of the separa-
tor and in some of those cases we had to put the plate into the flooded condition
with the original separctor completely intact because we couldn't get it off and
we charged and discharged the plate in that condition.

I can tell you that what we saw was about, on the average, about a 10 per-
cent decrease in discharge capacity of those plates compared with those same
platas when they were tested new prior to development of the surface condition
or the storage, so there is about that degree of change in the flooded capacity,
but apparently from the test data that I showed you originally, at least our ac-
ceptance test procedures do not show any impact of that condition of the negative
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plates on the electrical performance of these cells and so one wonders to what
degree the negative electrode, the negative plates, have to become clobbered on
the surface before they seriously impact the electrical performance of the cells,
One can become very panicked by the obvious appearance of these cells, espec-
ially if you blow up the size of those crystals with a scanning electron micro-
scope. You can scare any project manager if you want to, but the question is,
what does that really mean and that I don't think I have a good answer for yet,

I don't think we really know exactly what level of cadmium deposits on the sur-
face are tolerable.

WEBSTER: Thank you,
FLEISCHMANN: Fleischmann, C & D. What was the separator material ?
SCOTT: It was Pellon 2505 nylon in all cases here,

FLEISCHMANN: Do you expect that you are going to get degradation or
do you think because it is shorted you are protected?

SCOTT: I am sorry.

FLEISCHMANN: At the shorted potential are you protected against the
type of attack that —

SCOTT: If you are referring to the mechanism that was discussed
yesterdayv —

FLEISCHMANN: Yes.

SCOTT: - you presumably have to have a charged nickel electrode in
order to oxidize separator hydrolysis products and in the shorted condition you
do not have charged nickel electrode, obviously, and so you presumably do not
get that mechanism. You may still get hydrolysis because that is not effected
by it, but to the — the question is, to what degree electrolysis can damage the
separator during simply simple shorted storage. I don't have an answer to that
right now.

WEBSTER: Last question.

PALANDATI: Palandati, Goddard, I am just curious, did you analyze any
cadmium electrodes before the acceptance test to make the comparison?

SCOTT: Electrochemical?
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PALANDATI: No, the x-ray? Microscope?

SCOTT: Oh yes. We have all kinds of photographs of new cadmium elec-
trodes. I didn't bring any because I thought most of you had seen those but what
they look like is what that one plate looked like I showed first. If you remove
all of the cadmium crystals from the surface it is just sort of an amorphous
sculptured surface which you can't see any well formed crystals whatsoever,
but it doesn't stay that way very long. In fact, right after they go through flooded
formation at the supplier if you take the washed and dried plates right at that
point you could start seeing cadmium crystals beginning to form on the surface.
That ;s pretty difficult.

WEBSTER: Okay, our last speaker of the testing section actually is a hold-
over from the flight experience section is Gerry Halpert and Gerry wil! bhe talking
to us about ITOS and AE battery experiences. That sounds almost interesting,

HALPERT: Just speaking yesterday some of my words may have implied
that I am quite idealistic about wanting a better control plaque and plate and that
people have said to me, "Halpert, wait until you get up in the real world and find
out what it is all about," so I would like to tell you a little bit about what the real
world is, what happened in AE and ITOS and I might preface my comments by
saying that in this last program, both on AE and ITOS there were four lots of
cells for each. On AE there were four lots of cells and each one was treated in
a different way and after the first lot of cells which went through perfectly all
tests, went through cell manufacturer's tests and prime, RCA tests, and were
launched without any difficulties. The second lot and the third lot and the fourth
lot all came out different and required significant amounts of testing into which
we ran into some problems and did re-testing and so on,

A similar thing occurred on ITOS except that ITOS was all one lot of cells.
There were three different shipments or four cCifferent shipments I should say,
and the first shipment again went through beautifully, no problems at all and
went right through the test program to the end and RCA tested them and there
appeared to be no problems, The second group of cells in this case, same plate
lot and so on as the first, went through some difficulties and had to be re-tested
again and re-worked at the RCA facility and so on and the same thing for the
third shipment, and so somc of the things that I have found in my evaluation of
the program point out some of the areas we have had some difficulty in. And I
am not saying that any one of these things could have caused us some difficulties
but I just wanted to point out that these are the kind of things that can happen.
We first discovered in one of the lots, in a couple of lots, an interruption in im-
pregnation. There was a month delay between the fifth step and sixth step and
seventh step if those are the right numbers. I can't remember exactly. That to
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me indicates that there i8 some problem. There is no reason for that stuff to

be standing around. The manufacturer doesn't want it standing around and cer-
tainly that causes us some concern which causes me some concern and it did,
and in the handling of plates I shoud say that is an inconsistency in handling of
plates because it turns out that there were different storage times, different
handling techniques. There were some that were stored in nitrogen immediately
after and other plates were put through other kinds of steps but all lots of cells
were treated in a different manner over a different time period but we don't
lnow what the problem is exactly but we know that the handling in a different way
caused us some - may cause us some difficulties.

(Slide 194)

HALPERT: Also we found as we went from one lot of cells to another lot
of cells that the electrolyte concentration was changed. We were not aware of
this and it again gave us some difficulties.

Finally, the fourth, fifth, and sixth were ticd together in the cell assembly
area. The actual test sequence was changed, The electrolyte was adjusted more
than one time, as many as three and four times or a combination of that and pre-
charge was adjusted three and four times. It is one thing to be idealistic and
want the ideal plaque and plate materials, but it is another to have to deal with
the problem in which everything is being changed around you as you go along and
so when I, in visiting with the manufacturers and asking them what sounds like
absurd points, tv write down that you are going to — write down a piece of data.

I mean show me on your document that you are going to write down what this
piece of data. It may be absolutely absurd but we have no choice but to say,
"Here is the way we are going to have to do it because we haven't done it before,"
and this is an example. '

Now, the point that I make under I, there, the lot difference as an effect of
electrical parameters, we had different batteries for all of the ITOS and AE mis-
sions, that is they had different electrical characteristics on ITOS - sorry, on
AE. There were six different batteries for the last three, last two missions,
three batteries each, Each had a different electrical test pattern, so obviously
this causes some concern when we are talking about VT curves and charging.

Now, I would just like to mention a couple of other points regarding the
testing and implementation of cells and use of VT curves. We found that during
this testing where we found some of the difficulties it also appeared that the
cells were overcharging at a significant rate at the zero degree temperature
test. That is, they were running on the order of one amp. at zero degrees and
continuous overcharge. This is a 16 hours, I think, at zero degrees, and they
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were running at, in one case, 750 mils, ~ six ampere-hour cell, running at one
amp. continuously which indicated to us that there was a rather high voltage on
it.

(Slide 195)

HALPERT: We took a look at the curve and I am sorry this is not in real
good shape. It doesn't seem to be anyway. We found that on the upper curve that
was the ITOS and, incidentally I want the same kind of thing for AE. The curve
up in the upper part was the curve that was being used and that was in the speci-
fication. Considerably higher than we have, or we now believe that it should be
but somewhere along the line, maybe a few years ago, that was the right curve
for six amp-hour curves. At least we have to assume that because we were
using them back in those days and romebody was flying them and they seemed
to be working, but now we have changed our electrical parameters. Our cells
have been changed and now we have new electrical parameters so we have got to
change the VT curves.

Well, this level five and level six one, as I say, I am sorry for the quality
of these figures, but you can see that GSFC level five and levet six, surround
the new ITOS and also a similar AE voltage/temperature curve which appeared
to be giving us now the kind of C to D ratio that we espouse and I will show here
on the next slide.

(Stide 196)

HALPERT: That is the range, at least, we are looking for in C to D ratio
for this particular program which encompasses a 120 minute test. This is 80
some odd minutes, 84 minutes charge and the rest discharge, and what i8 more,
and maybe as important, it has only got a C/4 maximum current allotted, but
we found that when we do charge and we do hit this C to D ratios that we have a
reasonable end of charge current and it appears that this is the kind of level that
we want. As a matter of fact, we are generally as far as our other battery pro-
grams are established in this kind of range.

One other thing I might point out is there was some concern with regard
to whether we could get in this C to D ratio range for the particular mission, in
this case 1ITOS and we ran some tests at 18.8 percent depth of discharge and
both the little X in the middle has 18 percent for battery 301 and 302 and the
little O there for battery 303 and 304 and after we had done these tests at RCA
we decided that actually 18.8 percent wasn't good enough. We really wanted to
go to 21.7. but the concern was that we were going to go to 21.7 and this is the
important thing, at 21,7 a year and a half after launch, not until then and so the
question was do you design for 21.7 now or do you design for it later on?
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(Slide 197)

HALPERT: I want to show you one other piece of information which will
help make up our minds for us, This is some data that was run at Crane and
RCA. The bottom curve represents the RCA test and it indicates that as long
as you have got a fresh battery and you do the C to D ratio tests at various per-
cent depth of discharge, you are going to get one kind of a curve, but if you take
some cells, the same cells, or I shouldn't say identical, cells from the same lot
and taka cells from the same iot and test them for a while and then try the same
C to D ratio tests you find you have something different. This is totally consist-
ent with these curves. I won't say identically on Floyd's curves from OAO which
we have which indicate that the continued testing will change your C to D ratio so
if you are going to design for a 27,7 percent depth of discharge 15 months into
the mission you don't design for it today. You have to throw in a factor which
says, '"Hey, in 15 months I am going to have a different C to D ratio in order to
plan for that."” In the meantime we are up in the area of 125 to 130 percent be-
cause the rest of the profile for the 15 months is on the order of 10 to 12 per-
cent depth of discharge so you see what kind of C to D ratios wer are going to
be getting way up in here over the period so why design it higher ?

That is really all I have to say about ITOS and AE today.
WEBSTER: Thank you, Gerry.

IMAMURA: Gerry, what criteria do you use to establish one C to D ratio
point?

HALPERT: I did it as a compilation of the testing that we have done,
several of the tests that we have done at Goddard in which we feel as though
this now is a reasonable range for the present day cells, I can't give you one
particular program but I can show you the numbers. That is certainly one clear-
cut reason why this should be here.

IMAMURA: Yes, well what I was after was whether you used life test re-
sults or is it kind of a forced function?

HALPERT: No, it was life test results based on QAO's five years of oper-
ation and based on some other - in addition to OAO some other tests we have
done through Goddard, so it is not just a matter of arbitrarily doing it,

BETZ: Fred Betz, NRL. I just wanted to mention that old high voltage

curve that you had there I don't think was originally established to use as charge
control, It is kind of "Don't buy like this because you are going to have hydrogen

210

FUR—

—



AT 3 R0 SRR

e e e

B B, & pag e R o bt i e

e

el

":AJ* D U SH U - 4 . PR 1 b s e e o T A SR e

e

evolution problems,' and the use of FT curves for voltage control has been a

lot refined from the days when you wanted to protect the battery from going over
voltage for hydrogen, so that is one thing, but the second thing, I think as you re-
duce depth of discharge with any given orbit your C to D ratio has to increase.
Its depth of discharge approaches zero and the C to D ratio approaches it too.

HALPERT: Obviously there are parameters that effect this, I was really
pointing out for this particular type of an orbit and one more point I might make
is that on the NOAH mission we only have one VT curve that we can do. We have
got an operational satellite and nobody wants to change from one level to the other,

WEBSTER: Thank you, Gerry., Well, ladies and gentlemen - there are no
ladies today. We had 14 speakers in about five hours and it is with great pleasure
I turn it over to Tom Hennigan for the nickel hydrogen,

HENNIGAN: Thank you, Bill.

Gentlemen, remind everybody to check that list, that computer list we had
going around for their correct address or to add their address to it. Does any-
body know where that thing is? Okay.

Okay, we do have eight speakers on nickel hydrogen this afternoon, both
for synchronous orbit designs and near-earth orbits, so to get along here, our
first speaker is Joe Stockel of Comsat who will talk on the flight cell develop-
ment for nickel hydrogen.

STOCKEL: Gentlemen, this afternoon I would, rather than give a slide
presentation here it is going to be more of a show and tell of our new nickel
hydrogen cell. I will talk mostly on the cell and Fred will follow and they will
give more of a — talk more about the battery.

A complete set of working drawings were made by Comsat and where every
specification of eve-y component vas identified.

STOCKEL: This is our baseline designed cell that we have been working
o at Comsat labs for the last few years. The cells were jointly fabricated in a
cooperative effort between Eagle Picher and ourselves. Here, this is our pres-
sure vessei that we use in the cell and the pressuie vessel material is 718 in-
conel and as you can see we do use the compression seal on both ends. It is
hydroformed from a 20 niil. cold rolled stock and this particular vessel was
burst tested, This one blew at about 2,300 psi. This other one 1 have here is
the same vessel with a slightly different weld ring in i and I managed to get
this one up to about 2,450 and it still wouldn't go and this was about the limit to
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where I could go, so it still held. The seal held and everything with no leaks
whatsoever.

(Slide 198)

STOCKEL: If you could put on the first slide but don't dim the lights too
much I will go into the — if you could turn the lights on in the back that would be
better. What I really want i5 the lights on so you can see. I can talk from this
a little better. This is the 35 ampere~hour cell. Actually it gives a capacity of
about 38 ampere-hours. It is, as you can see, gold plated, and the internal
components of the cell are, of course, the electrode stack which consists of the
electrochemically impregnated positives that were made at Eagle Picher by the
Bell Telephone Laboratory's process. It i8 a reconstituted ¢.sbestos separator
and the Eagle Picher negative electrode.

The buss bar design is kind of a cone-type arrangement where the tabs on
the eluctrodes do come through and are resistance welded on the outside. It does
have a center rod which - and the stack is held in compression by these two
plastic end plates. If this can move this way to allow for any slight movement
of the pressure vessel when it pressure cycles aad therefore it will not stress
the plastic seal.

It is held, the stack is held in place by mounting that right to the weld ring
and the way it is assembled, the cell, i8 you first build the stack, put it on, put
the buss bars on and weld the feed throughs on and then the cell is then actually
slide into the can very carefully and these plastic seals really have been work-
ing fine for us, We have actually had absolutely no trouble whatsoever with these
seals and after you do that, then the seals are crimped and you then do your weld
on the outside.

The cell has been vibrated to about I think we used the qualification levels
of about 18-1/2 G's rms.

STOCKEL: The cell, as you see here, does weigh slightly over a kilo, It
gives, with these lightly loaded positives, it gives an energy of about 44 or 45
watt-hours. The opeérating pressure of the cell, the upper operating pressure,
is about 600 psig and when you take out the entire 38 or so ampere-hours it runs
itself down to about 100 psi, so this pressure vessel we have here right now does
have a safety factor based on the burst of four to one and as you can see on the
one pressure vessel that, when it did burst it did burst the actual material itself
and actually the 2,450 psig that the vessel was subjected to was getting pretty
close to the publsihed data on the ultimate strength of the 718 inconel and I am
not really sure you can do much better than that, and the pressure vessel, like
I say, it does work and it can be made. Thank you,
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GANDEL: Gandel, Lockheced. What is the gauge of that can? 20 mils.?
STOCKEL: 20 mils, isn't it?

GANDEL: Yes, hydroformed starting at 20 mils.

FORD: Jim Dunlop?

DUNLOP: What you mentioned, there were actually a number of these
cells made for the flight program. But the capacity that you mea..~ed was -

STOCKEL: Oh, the capacity — there were actually 30 cells th.. were meade
for the program and of course out of that 30 there was a show and tell and 2 few
-~ aer ones that were used for various other reasons, but the capacity was about,
of the whole 25 of them that we did measure, was about 37-1/2 ampere-hours or
minus one, which is pretty good spread.

SULLIVAN: Sullivan, APL. What depth do you typically operaie this to?

STOCKEL: Well, Fred will talk more about that, but it is about 60,

DILLON: Dillon, GE, Have you ever, looking at the design of the stack of
the plate, would you care to comment on the effect of a 1ift off environmea:. of,
say, 11 G's of constant acceleration in the axial direction? Would you expect
that would have any effect upon the capacity?

STOCKEL: No. With this buss bar design the plates are held fairly
rigidly.

DILLON: Have you ever tasted to any quasi —

STOCKEL: Sustained acceleration?

DILLON: Quasi-sustained acceleration?

STOCKEL: Wc just vibrated tc random vibration,

DILLON: That is ..ifferent,

HENNIGAN: We will go to our next speaker, Fred Betz ?

BETZ: 1 guess ] will introduce this by saying that the Spacecraft Tech-

nology Center of the Naval Research Lab has entered into an agreement with
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Comsat Corporation as a joint effort to get a flight demonstration on nickel
hydrogen batteries, It is in the philosophy of exploiting commercial technology
within the government. We have looked for it. Comsat is interested from their
own point of view for their future satellites and the satellite that we had avail-
able is well suited to their needs.

(Slide 199)

BETZ: It is the Navigation Technology Satellite No, 2. It is part of the
Global Positic..ing Satellite System. That is a joint services project. The first
launch, NTS-2 is the Naval Research launch. Follow-on launches will be, I be-
lieve, from Rockwell at the present time. The spacecraft is gravity gradient
stabilized. I will try to give you an overview of the whole program so you can
get a feel for what we are doing. It is a gravity gradient stabilized system. We
have reaction wheels to control it in pitch and yaw. The solar arrays are pointed
towards the sun using the yaw axis of the spacecraft for the second control factor
there,

Due to the operational considerations of the spacecraft as it goes around
the earth, we have to do a 180 yaw and three faces of the octagonal surfaces never
see the sun through the entire mission so we had a unique feature which we will
get into a little later,

The orbital parameters, it is about 11,00 nautical miles altitude, 60 degree
inclination and the orbital period is 12 hours. I believe it is 11.9 something. i*
is a very precise circular orbit.

(Slide 200)

BETZ: The eclipse season, in fact, we have got two of them there. The
eclipse season you may not be able to see, but it does have two eclipse seasons
per year varving 30 to 40 days in duration and since it is a 12 hour orbit you get
two eclipses per day so we could accumulate something on the order of 60 to 80
nominal 35 eclipses per season, a ma.imum of .97 hours in mid eclipse and over
the three year design life test abent 420 total cycles, so within five years which
we exnpect it to last, at least, that is ahout 700 cycles.

The depth of discharge for the nickel hydrogen battery within the system
is 64 percent depth as a nominal test thing, That is at mid-eclipse.

(Slide 201)

BETZ: 1 want to show you the type of power system we are using because
it does bear a little bit on the whole thing. It is a direct energy transfer system,
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a regulated buss of 27-1/2 volts, or 27 volts I guess it is nominal plus or minus
about 3/4 of a volt. Our batteries have 14 nickel hydrogen cells and we do have
a nickel-cad on board also with 18 cells. Both must be boosted to buss voltage
level. If you look at the way the thing is set up here, normally in the sunlight
we are out here in the shunt operating band. Both the nickel cadmium battery
would be on a trickle charge and the nickel hydrogen would be trickle charging
also. i

For transition as you fall out of the sunlight you shut off the nickel-cad
charger, shut off the nickel hydrogen charger, and transition to a boost on the
nickel hydrogen for eclipse operation., Should there evolve any problems in the
eclipse operation, well, you transition — we hit a low voltage on the battery and
will transition directly into the nickel-cadmium battery.

The two batteries are nickel hydrogen. We have mentioned the prime
battery, prime operational battery. That is Comsat designed. Eagle Picher
manufactured it, 35 ampere-hour nominal, They were trimmed down for our
particular application from the 50 ampere-hour basic concept. We are really
not optimizing energy density. You carry along a little more structure as you
get smaller and smaller. It is a 14 cell battery with two seven cell packs is the
construction. We have got one pack up here. We didn't have time to get photo-
graphs processed but we had the hardware. I will apologize it is not finished.
We are still in the middle of it but the battery department is here so the battery
is here.

The nickel-cadmium stand-by battery consists of one pack, It is a General
Electric fleet SATCOM 24 ampere-hour cell. They are nominal 24 ampere-hour
18 cell batteries, okay? Total stored energy, we actually don't have a 100 per-
cent redundant system. It is about 90 odd percent. The nickel hydrogen stores
are nominally 588 watt-hours by our calculations, We are a little more con-
servative perhaps than Jim and the 625 watt-hours actual based on 37 anipere-
hours, we find that 38 will up that a little bit. The nickel-cad. has a 518 watt-
hour nominal and we are estimating about 585 watt-hours actual.

(Slide 202)

BETZ: I mentioned before that the three bays of the satellite or three
faces of the satellite never see the sun, This is a little busy. Most of these
slides were produced for other purposes. We are not that strong on software.
The three bays that don't face the sun, never see the sun, we got our batteries
into those three bays for a constant temperature heat sink. This, again, along
Stan's concept, this one we were able to get the batteries into the basic design
of the satellite right at the beginning. We got them where we wanted them looking i

;i
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at constant temperature heat sinks. We have got thermal people involved right

from the very beginning designing the thermal conductivity of the components in
the battery, designing the surface finishes on the battery. We had them right in
the beginning,

This shows the solar array's wrapped but actually in operation the two
nickel hydrogen half batteries are these two sections ouf here and the nickel
cadmium is in the center section. The discharge boost regulator for the nickel
hydrogen is in the same bay. You can't see exactly where it is. It is somewhere
in here, It is in the same bay as the nickel-cad. We are actually using that, It
has been relocated a little bit. Not all the components are located exactly where
they are shown except for the batteries, We are using that somewhat to heat the
nickel-cad. during the eclipse period when it normally would be on open circuit.

The battery design concept, as I mentioned, was primarily a thermal con-
trol consideration., We did get them in right in the beginning, Our design limita-
tions that we imposed were at zero to 25 degrees C. The battery pack with min-
imum gradients. I want to show you this one first here.

(Slide 203)

BETZ: The battery pack is — I guess you can see the battery pack. Tt is
over here, but it is the concept of the direct radiant. The battery pack is mounted
right to the spacecraft wall and the thermal control people have determined the
proper conductivities down to maintain our battery pack within that temperature
range. This concept was a Comsat concept .>r simplifying the battery for this
particular mission. Again, it may be a little weightier than other concepts, but
our attempt here was not initially to minimize the weight and try to get every-
thing going. We want to have a good demonstration flight. We want a good
thermal control.

(Slide 204)

BETZ: The battery baseplate is a quarter inch thick thoriated magnesium,
It is selected for very high thermal conductivity, and reasonably light weight.
The half shells wrapped around the battery cells, you can see a half shell here.
You can actually see them a little better in the hardware. It is 1/20,000ths thick
aluminum selected for machinability and availability and it is probably twice as
heavy as what is needed, but the thermal guys really loved it and it does a pretty

good job,

The interface between the cell and the sleeve is an RTV, a stabilized fiber-
glass cloth. The concept, I believe, was TRW's. Bob Patterson made a few words
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about that sometime, but it runs about a 20,000th thick and it seems to be an easy
method of implementing a good interface between the cell itself and the halfshells,

I mentioned a couple of times that we are running kind of on the heavy side
or ai least heavier than previously advertised. I would like to give you some of
the numbers. The total cell's weight for a 14 cell pack runs about 32-3/4 pounds.
Incidentally, that is about 19 to 20 watt-hours per pound on the raw cell. The
baseplate, 3.9 pounds of baseplate is there, 6.8 pounds of cell sleeves, about half
a pound of top plate and somewhere around 2.4 pounds for accumulated nuts and
bolts, connectors and wire, sleeves, things, RTV, It gives us a total estimated
pack weight at this time of two 14 cell units or two seven cell units of about 46.3
pounds and a total energy densgity of about 13~1/2 watt-hours per pound and I am
not going to apologize for coming in a little heavy.

The packaging weight is 40 percent of the cell rate. It does run a little
heavy.

(Slide 205)

BETZ: Thermal, we looked at those three bays and the thermal guys came
up and we — wait a minute I have the wrong slide. This is the nominal spacecraft
temperature. This is the way the battery will operate or its temperature charac-
teristics at the mid-eclipse and if the spacecraft thermal guys are exactly right.
The other two curves indicate what happens if they are 10 degrees wrong on
either side and they like to have that kind of margin capability to say, ves, we
can be 10 degrees wrong.

We have made provisions to have heaters to keep us to zero C in sunlight
and in the hot case, the worst case, where we penetrate the 25 degrees C. limit
for a short period of time, if you extrapolate that over the entire mission I guess
it is probably a couple of hours. It is a very small fraction in the worst case.

The stable or equilibrium temperatures in an) one of the cases are — which
is throughout the solstice period and the portion of the eclipse seasons are be-
tween zero and 25 C. and again this can be supplemented with heaters down here.

We locked at -~ we are considering a charge control for the battery pack
and we are looking at the thermal curves thinking about pressure considerations
which seemed to be an obvious way to go at first and it seems to be rather diffi-
cult to implement at this time. Looking at these we thought that perhaps we
might be able to use a charge control technique based on temperature and it ap-
pears to be, and we do intend to test it and refine it, but selecting some temper-~
ature in the area of even 10 to 15 degrees C. here for the nominal case we could
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terminate charge. This does assume that charge is terminated by some tech-
nique, It does assume that you might be able to use temperature to terminate
that charge, and some different things.

Nominal charge rate, C/10, 3-1/2 amperes. The assumed trickle charge
rate is about C/58. That is 600 milliamperes, but the concept, to get back to the
charge here, it looks like we could terminate charge based on temperature and
since we would normally be stabilized out here and as you begin your eclipse
season these fluctuations would build up, but terminating on temperaiure we
mizht need a reset or an arming device on the blowing temperature. Then you
iust terminate charge on temperature. The interesting thing is, perhaps, if you
have a cold spacecraft you wouldn't necessarily start down here but your first
time you might drive it up to this temperature and then you tend to force the
entire battery's operation up towards the nominal even though the spacecraft
would like to be —~ this bay would like to be cooler simply operating it using a
particular given temperature limit. You could force the eclipse season temper-
ature of that pack up in this area and by the same token maybe at zero to 15 C.
or the 10 to 15 C. area you might also be able to terminate charge a little earlier
in a hot battery and restrict capacity maybe one hour, about 3-1/2 ampere-hours,
and use the same technique to tend to force the battery a little bit cooler.

So that is the basic concept we are looking at right now, perhaps one or
more temperature limits for charge controi. It is nice when you have nice con-
stant heat sink and you can think about these things.

The orbital data we will get from the battery while it is in orbit is not only
battery voltages and charge and discharge currents. It will have two temperature
sensors on each pack and every cell voltage will be telemetered back to earth so
we should get some good data out of it for its lifetime.

We will be doing some testing at NRL on this battery pack and the primary
area is to confirm the charge control or develop a charge control technique., We
have a three bay model similar to the three bays that the batteries were sitting
in that represent and will operate as the spacecraft for thermal testing so we
will be testing on a three bay rather than a full bay aystem for storing.

The thermal guys really want to look at very carefully the steady state
couplings and we certainly want to verify the transient characteristics here and
get into the charge control in vacuum testing. We would also like to do some
capacity, temperature characterization, get the voltage, capacity, and tempera-
tures relationships. We will be doing battery vibration, We don't have much
fear of it. It is a pretty substantial piece and it looks like we will be able to
keep this battery active practically from the time we hook it up into the three
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bay model or the spacecraft until the time it goes out by utilizing the 18 cell
nickel-cadmium whenever spacecraft power is not applied or ground power is
not applied ADE. The small external circuit will be able to continuously trickle
charge at the 600 milliampere rate, run the nickel hydrogea in the trickle charge
mode for the entire period which gives us a real essentially uninterrupted long-
term type of test during the integration period.

Any questions?

SULLIVAN: Sullivan, APL. Fred, did you mean by that last statement
that either one of the batteries will work to complete the mission so that if either
one of them fails you will still have a safe system or are you dependent on both
of them ?

BETZ: No, the spacecraft is designed to operate off either battery totally
and solely. There is just slightly less capacity in the nickel-cad. than the nickel
hydrogen. The main mission of the spacecraft can be supported but we will have
to cut back I think if we go to nickel cad. one experiment during the eclipses to
knock off a few — a small amount of the drain during the eclipse. But on the
ground for ground testing, the 18 cell pack has a discharge voltage higher than
the 14 cell charge voltage so with that we can actually keep the nickel hydrogen
on active electrical operation whether or not we have ground power connected
to the spacecraft.

WICK: Hugh Wick, Hughes Aircraft. H.> much thought been put into the
burst out average or that sort of thing? Once you get into the system, space-~
craft integration and tests with pressure vessels on board the spacecraft and
people working around it and integrating it?

BETZ: Well, I have been in nickel-cadmium for a long period of time and
I have worked in the same room with 100 ampere-hour nickel-cadmium batteries
and I have come in and seen them explode. I have found pressure gauges imbedded
in the ceiling. I have -~ in factI get called in the middle of the night on that one.
1 have seen batteries, 100 ampere-hour battery cells through a slight mistake
blow their pressure jackets and drive bolts into the wall. They have come out
like footballs, these big 100 ampere~-hour cells. I really don't think the hazard
involved here is any more substantial than the batteries you have been working
with for a long time. The batteries are behind a relatively substantial piece of
material. The burst levels, the safety levels invoived with the structure itself
seems to be quite adequate. I don't know what you are looking for but we are all
exposed to hazards every day. What level of hazard do you want to protect against?

®
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WICK: 1 don't want to pursue it here and occupy the meeting but let us say
a mechanic is working there and you have got pressure within the nickel hydrogen
cells and somebody drops a wrench or something and hits the side of the cell.

BETZ: Okay.

SPEAKER: Fred, you are not going to run with any pressure transducers
on the battery?

BETZ: We have got enough spots in the connector to hook them up if we
can figure out how to get good data off the cell. We do want to use transducers
to take care of that, you know, the big hang on the end pressure transducer, but
Joe has been looking at strain gauge stuff and if we can possibly get it we can
make the provision for it. The connector room is there and we have budgeted
the circuitry for it, then be able to telemeter that data back but it looked, the
initial look see by Joe it was kind of difficult to implement at this time,

HENNIGAN: We have time for one more question. McHenry?

MCHENRY: Is it possible to develop any more than, what, I guess it is
600 pounds of hydrogen in that cell. You overcharged the positive and it will
give off oxygen that I presume will be recombined in the negative, is that true?

BETZ: Yes.

MCHENRY: Now do you use platinum fuel cells? Doesn't that just eat up
oxygen? Can you measure your particle factor of oxygen in that thing?

BETZ: I1think Howard Rogers may have some comments on this. Dr.
Rogers did some look sees to sec what happens if, and basically on all opera-
tional cases we don't seem fo get above that,

ROGERS: Fred, I will be commenting on that later.

BETZ: Olay, later on,

DUNLOP: You can't overcharge this at rates higher than nickel-cadmium
without building up any appreciable amount of options. For example, at C rate
overcharging, you can't overcharge this as a C rate at room temperature and 1
guarantee you if you try te do that with nickel-cadmium cell you would get in
trouble, but you can do it and you have got a partial pressure that will be less
than one percent of oxygen. Secondly you can overdischarge it continuously
which has happened when we have had - you know, we have normally been
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cycling cells and we will have an interruption in our power supply so that the
cells continuously run in reversal by mistake over the week-end on a cycle.

We have run cells for as many as 30 cycles over a week-end. If that had been

a nickel-cadmium cell it would have blown everything in the room up, for example,
so there are certain inherent — partially in answer to your question, there are
certain inherent things about a nickel hydrogen system that make it more stable
than a nickel-cadmium. I am not necessarily saying it is more safe but certainly
there are a number of arguments that you can use which inherently say they are
safer and they do include things like the capability for a higher rate of over-
charge, a capability for overdischarge, and I think in the next speech you are
going to see that probablv from a point of view of how a pressure vessel would
fail, it would never exploue anyway under any normal operating condition and

the only other thing —

HENNIGAN: Yes, I would like to try to move on here.

DUNLOP: I want to say just one other thing. We talked about energy
density a number of times on this cell and it has been pointed out is pretty low,
but those electrodes are only loaded at around 60 percent of what current elec-
trodes are loaded at. If we just loaded these electrodes like we apply today we
would have a 30 watt-hour per pound cell, not a 20 watt-hour per pound cell.
That is a true statement. All we would have to do is load these electrodes at the
same level that you are currently loading electrodes in nickel-cadmium cells.
I ain talking about the positive electrode batteries. He would have between 28
and a 30 watt-hour per pound cell. One of the reasons that we have only a 20
watt-hour per pound cell is we were extremely conservative in everything we
did. These electrodes are lighter loaded than the Bell Laboratory specs. call
for, for example, but I guarantee you they will operate for about 6,000 cycles.
I can almost guarantee that.

HENNIGAN: We have another presenta.ion here and probably some of your
questions will be answered because it is related to the first two presentations
and this is Lee Miller from Eagle Picher, nickel hydrogen battery developments.

MILLER: Thank you. As most participants here today are aware, nickel
hydrogen offers a potentially very attractive alternative to nickel-cadmium as a
long life secondary battery system. Significant weight is saved in the replace-
ment of the cadmium electrode with the lightweight gas electrode resulting in an
energy density of approximately 30 watt-hours per pound, this versus 15 to 20
watt-hours per pound for nickel-cadmium,

The ability of the catalytic gas electrode to react equally well with both
hydrogen and oxygen gas renders the nickel hydrogen system insensitive to both
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overcharge and over-discharge. In addition, a direct relationship between in-
ternal cell gas pressure and systern. state of charge offers a unique and reliable
signal for charge control purposes. Significant progress has been ma ie with
respect to the design and the development of the nickel hydrogen system in the
industry and the purpose of the paper today is to present a brief overview of the
system as it has evolved at Eagle Picher. May I have the first slide, please?

(Slide 206)

MILLER: These are three different cell designs that we have been work-
ing with at Eagle Picher. Moving from left to right, the first design is the first
design that we came up with, a 20 ampere-hour and we refer to it as the pris-
matic nickel-hydrogen cell design. This has really served as the workhorse for
us in the design studies which are necessary whenever you get into a new sys-
tem like this. Using this 20 amp-hour cell we are able to optimize the param-
eters such as electrode loading, electrode spacing, separator, evolve a suitable
separator for nickel hydrogen, gas spacer requirements and the necessary hold
down components for the elecirode stack. That cell is a hydroformed part made
of 304-L stainless steel and offers a safety factor pressure, burst pressure
safety factor of two to one. It is approximately an 18 mil. base starting material,

As you can see, the ceramic to metal seals are internal to the cell. This
is a high pressure seal design suggested by ou~ supplier and it has worked very
well for us.

One area that is very critical in the design of these nickel hydrogen cells
was this weld joint, You can see it on the top portion of the cell. When we first
started into this area by improper T-welding of that area there these cells were

only good for about 100 cycles before you had a failure in that area. This resulted

in an additional study that we didn't anticipaie but we came up with what we could
call, let us say, a weld joint back-up ring that it has been necessary for both of
these prismatic designs as well as the cylindrical design, to facilitate that weld
joint, but with this design incorporated, this cell that is shown here has passed
over 40,000 pressure cycles without failure.

The next design in the middle is a 50 amp-hour prismatic cell. We have
dropped the stainless steel and gone to inconel 625 in this case and this is a 12
mil, inconel 625. I am not sure just what you would call that cell. It has been
referred to as a pancake, a hockey puck, and a few other terms, but we actually
approached the designed goal, energy density goal of 31 hours per pound with
this design here. It actually came in slightly over 29 watt-hours per pound with
55 amp-hours capacity. We did run into one problem that the seal is around the
entire circumference of the cell and it appeared to be somewhat difficult in
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performing the Teague weld. 1 think possibly with an EB welding process that
that joint could be accomplished.

Of course the last cell design is the cylindrical cell design and that is also
an inconel 625 material. I think it is a 30 inil. wall on that, Also, we have dropped
the ceramic seal and are now using in addition to the ceramic seals the compres-
sion seal that you saw in this previous cell. Let me have the next slide, please.

(Slide 207)

MILLER: This is the concept that was envisioned for packaging prismatic
nickel hydrogen cells, It is very similar in its approach to nickel-cad. Of course
what is interesting about this is that you can take a string of these nickel hydro-
gen cells arranged in that order and the strength requirements that you need in
your tension rods and your end plates is just sufficient to restrain one cell. Each
cell is accommodated with an aluminum thermal pin for its initial mounting on a
thermal surface. This, of course, is just a laboratory-type nickel hydrogen bat-
tery intended just for evaluation purposes.

One of the problems that came up with this design is that it was asked,
"What happens when one ce¢ll fails in there ?"' The two cells adjacent to it are
operating at around 600 psig and obviously it would crush that one cell and prob-
ably would terminate the usefulness of the battery at that point so the thought
was that possibly it would be better to connect these things in a common gas
manifold arrangement. Next slide, please ?

(Slide 208)

MILLER: This is done here, again, on a laboratory scale and with a de-
mountable arrangement so you can replace cells, rearrange cells whatever you
desire. All cells are connected to a common gas source. In other words, you
have one of your electrochemical components common to all cells in the battery.
The uniformity of the cells is rather remarkable from cell to cell. An inter-
esting concept is you design this to be a gas limited battery. In discharge all
cells will go out at the exact same time,

These two batteries were manufactured for one of the NASA facilities and
are presently undergoing testing at that facility today. Next slide, please.

(St: . 209)

MILLER: It seemed, though, that most of the user interest in the industry
was on the cylindrical design and most of our recent effort, I should say, has
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been in that direction. In this slide here you are seeing a 50 amp-hour cylindri-
cal nickel hydrogen cell with a slightly different design approach than the one
Comsat previously presented. Why don't we go to the next slide? I think it will
show the internal configuration a little better,

(Slide 210)

MILLER: This is a boilerplate set up that was supplied on another job,
but the electrode components and the ceil stack design is very similar to what
goes in the actual lightweight flignt type cell. This is referred to as the donut
electrode design and all of the electrical leads and the cell stack hold down
components are accommodated to the center. This narrows the actual active
material on the electrode surfaces to the outside peripheral area and it is
thought to be a superior therr:zal design. We are really indebted to Hughes Air-
craft Company for the sugge stion of this particular design. Let me have the
next slide, please.

(Slide 211)

MILLER: This is a performance graph on a couple of 50 amp-hour nickel
hydrogen cells ard what this is is a 100 percent DOD cycle and on two of these
cells we accumulated a total of 600 100 percent DOD cycles and there was some
slight fall-off in capacity as you get towards those 600 cycles but that design
was really not the optimum design that has evolved toduy. This had an old-type
separator material and the old-type chemically impregnated electrodes, but
what interesting besides the fact that it did perform the 600 100 percent DOD
cycles very well is that when we post mortemed these cells we were surprised
at what you have already been introduced to, the swelling of these chemically
impregnated positive electrodes. From what we could see in those cells it was
determined that the just chemically impregnated electrodes are not suitable for
nickel hydrogen systems when we subject them to these high rates or deep depths
of discharge, so our efforts, then, was directed towards utilization of the electro-
chemical positives.

The next slide, please ?
(Slide 212)

MILLER: I think you have already seen the cell on the left here, on the
table. Eagle Picher was fortunate enough to be awarded not only the Navy nickel
hydrogen flight experiment but also the Air Force nickel hydrogen flight experi-
ment and on this slide you are seeing both cells. Of course, the one on the left
is for the Navy and the one on the right is the Air Force cell. The one is 35 and
the other is the 50 amp-hour design.
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You see a small module. I believe I heard a question a while ago about
the strain gauge or the pressure monitoring for charge control purposes. On
the Air Force they will use the strain gauge concept to monitor cell pressure
and the little module up towards the top of the cell near the pres-ire gauge is
the strain gauge and it has all of its elsctronic components in tl.are. It has its
amplification and signal conditioning components in that little module there.
Each cell in the Air Force flight experiment is equipped with one of these strain
gauge modules,

It has its terminals coming out, obviously, on the same end in sort of a
rabbit ear configuration. I guess we could say that probably these are the cur-
rent generation of nickel hydrogen cells. We have now gone from inconel 625
to inconel 718. We are using the fuel cell grade regenerated asbestos separator
material and basically the internal electrode components have been optimized

for these designs.

As 1 stated, you were shown the Navy battery on the table here, I have a
Vugraph with me that will let you have sort of an outline view of the Air Force
nickel hydrogen battery.

(Slide 213)

MILLER: This is an aluminum investment casting that just has the cavi-
ties in which to accoramodate the cells into the battery. There is nothing really -
it is pretty much, other than its degree of instrumentaticn, it is pretty much
straightforward, so if there are no questions, I think I would like to conclude the

paper.
HENNIGAN: Any questions from the floor? Wick?

WICK: Wick, Hughes Aircraft,
HENNIGAN: Okay, very g.ud.

WICK: How do you hold the cell ir the casing, via RTB or epoxy or some-
thing like that? Is there thermal conductivity between the cells and the mounting?

MILLER: Actually, I am not really that familiar with the battery design.
Possibly Don Warnock could —

WARNOCK: 1 think it is an epoxy, but I am not sure.

HENNIGAN: Another question?
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HIL.L: Yes, Freeman Hill of Westinghouse. Don't you care about the
energy density for volume in space applications or what kind of energy density
do you try to get with this?

MILLER: Idon't have the figure with me but yes, we are concerned with
it, but it is sort of like Jim Dunlop pointed ont, Buth of these designs are very
conservative at this point and so we are just looking for a successful mission
first.

RAMPEL: Guy Rampel, General Electric. How many cc's of electrolvte
per ampere-hour?

MILLER: Jim, are you going to answer that one ?
DUNLOP: Yes, ours are from his cell. I don't know if you know it but it
is four. We have four cc's of electrolyte per ampere-hour which is one of the

advantages of nickel hydrogen.

MILLER: So the answer to Guy's question is it is approximately the same
for both designs.

RAMPEL: Thank you.

DUNLOP: The answer to the other question here is the volume is really
controlled by heat transfer characteristics, not by —~ the battery design and the
volume is controlled right now still by heat transfer. It is bigger than the cell,
the radiator area.

HENNIGAN: Ralph Sullivan, did you have a question?

SULLIVAN: Yes. Is it correct to say that the reason you went from the
flatter version to the cylindrical version is because you can make the seal more
reliably? Is that really — am I understanding that problem?

MILLER: You mean the T weld joint on the cylindrical or the -

SULLIVAN: Is that the driving reason to go from a flatter version of the
cells to the cylindrical ?

MILLER: Not really. It is just that you, the users, out there, just indi-
cated t".e preference for the cylindrical configurations.

SULLIVAN: Thank you.
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MCDERMOTT: Pat McDermott, Coppin State. Is there any problem with
separator dry out with these safety cycles ?

MILLER: Possibly Jim might want to address that question. He has prob-
ably more cycle life on these nickel hydrogen cells than anyone else.

DUNLOP: I would refer you to that article that we publishad in the Journal
of Electrochemistry which covers about four or five different types of stuff in
cycle flow.

MILLER: We really don't get enoug' cycle life to evaluate it. Some of
these people who have had several years on it I think would be a better source
of that information,

HENNIGAN: Okay. Thank you very much, Lee. Our next speaker is Don
Warnock from the United States Air Force, Wright Patterson, and Air Force
Approaches to Low-Orbit Nickel Hydrogen cells,

WARNOCK: If you come up late in the session you don't have much to say.
Lee Miller has covered about the first half of my presentation. The Air Force
has some very difficult requirements for energy storage and low-earth orbit,
usually for short discharge times on the order of maybe 10 to 15 minutes to 30
to 35 minutes. For calendar life right now we are thinking of a year or less so
the cycle life is not that bad. We do, however, have, in order to get the high
energy density, we have to go to deep depths of discharge. We have thermal
problems in doing that. We have to get the heat out. We have problems with
oxygen generation getting it recombined. We had problems with the loss of
electrolyte from the cell stack, so we are interested, of couree, in nickel hydro-
gen and silver hydrogen. We have been working in nickel hydrogen. We have
not been working yet in silver hydrogen but we may.

We addressed the thermal problem first and that is shown in the first slide.
(Slide 214)

WARNOCK: The idea here is to increase the heat transfer area which is
at the outer perimeter of the cell stack and to thin down the gas gap between
the edge of the stack and the inside of the pressure vessel. To do that we have
made pineapple slice shaped plates and when they are stacked up they leave a
hollow cavity down the middle similar to the ones that were shown by Lee Miller
just a few minutes ago.

In effect, this results in a v .li-tribution of some of the stack material
which would otherwise be in the hollow cavity and results in a slightly longer
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stack which increases the heat transfer area around the outside. It also enables
us to bring the leads down the middle of the stack to get them away from the out-
side and it allows us to have a uniform gap all of the way around which in present
designs is about 60 mils. This is a Hughes design, an imp)ementation of an Air
Force Propulsion Laboratory concept and it is the design that Lee Millzr referred
to on which his design is hased also.

Information, some thermal information and other design information on this
has been published as a tech. report and I don't want to go into very much detail
on it right now. I would like to go on to the oxygen management and electrolyte

management,

(Slide 215)

WARNOCK: In a conventional nickel hydrogen cell stack such as shown here
with back to back positive electrodes the oxygen management problem depends
very strongly on what separator you are using., If you are using a relatively oxy-
gen or gas permeable separator such as nylon or polypropylene the oxygen can
go directly from the positive through that separator ard recombine at the nega-
tive rather readily. In some cells under certain conditions typically the more
rigorous conditions there has been burning of separators due o heat release
when that oxygen gets channeled through the separator, recombines locally with
hydrogen at the negative, generates a lot of heat locally and melts the separator.
In the extreme condition it can result in cell failure.

If you use oxygen impermeable separators such as nylon — I am sorry,
such as asbestos or potassium titanate which most cf us are doing right now,
you get away from the separator burning problem but you now greatly increase
the difficulty of recombining the oxygen because the oxygen now has to go, since
it is sandwiched in those positive electrodes between two relatively impermeable
separators, it now has to move radially out of the stack, exit the stack at the edge
of the positives, quite possibly carrying some electrolyte with it, has to go around
the outside perimeter of the separator and try to re-enter the gas flow space now
from its perimeter. If the cell is still in charge it has to try to make that — it
has to swim upstream in hydrogen in order to get back into the gas flow space
and recombine.

As a result most of the recombination will take place at the perimeter of
the negative giving you some somewhat greater heat production and water pro-
duction there, both of which you don't like to have because if you get into a re-
gime or you are transferring water vapor now from the stack to the pressure
vessel and in essence depleting some of your electrolyte volume.
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So if we are using oxygen impermeable separators, we need a better way
of assuring a rapid, even recombination of the oxygen. One such suggestion is
shown in the next slide.

(Slide 216)

WARNOCK: On this case we have done away with the back to back positives.
We placed the gas flow space behind each of the positives and any oxygen coming
from the positive now has a very short easy path directly across the gas flow
space, recombine on the surface of the negative. It gives vou uniform recombi-
nation. You don't get the heating or the water production at the perimeter. It
will occur even in the case of the significant outflow of hydrogen through the gas
flow space because oxygen is moving into the same space. It is sort of being
tumbled along in there until it recombines.

The problem is that the oxygen, say, we are looking at the top pair of plates.
The oxygen from the positive on the top pair now is being recombined a! the nega-
tive of the middle pair and in essence this results in the transfer of water because
as it recombines with hydrogen then the water production goes into the second
pair and the same thing on down the stack so you tend to get, because of recombi-
nation of oxygen, a net transfer of water from the top to the bottom of the stack.

Now, presumably, although we don't have numbers on this yet, we are in
the midst of a program to get some of these numbers. Presumably there will be
some entrainment of electrolyte from the back of the positive to the adjacent
negative 8o it is quite possible that you will have a movement of both water ang
electrolyte, potassium hydroxide, down through the stack and what you need is
some way of recycling the excess water and electrolyte that is moving down back
up to the top and we are not quite sure how to do that right now. We are not pur-
suing this design in its pure form but we are looking at some ways of utilizing
this concept and one of these is shown on the next slide.

(Slide 217)

WARNOCK: If we look at half cell, it is essentially the same arrangement
that we *:d in the previous slide where presumably some water and electrolyte
will be moving from the top to the bottom of the stack. I have added — the only
thing that has been added here is an extra negative sticking out right here which
acts to recombine oxygen coming from this positive. I will return to that in just
a minute,

Now if we look at the other half of the stack we have the same arrangement
turned upside down, oxygen electrolyte tending to move in this direction and again
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we have a negative at the top to recombine the oxygen and also to collect any en-
trained electrolyte.

The effect is a schen.e for recirculating both oxygen and electrolyte be-~
cause the negative that collects them here is the same negative for the other
half of the stack, the negative which collects them here is the same negative
collected over here. We have placed a reservoir at each end to help effect the
transfer so we have a closed circuit now for oxygen and electrolyte.

The advantages are that oxygen does not have to exit the stack at all in
order to recombine. It can recombine uniformly and it works with a completely
oxygen impermeable separator. You do not have uneven generation of heat or
water. Hopefully you will have redu.ed the forces which tend to drive electro-
lyte out ot the stack and if you want to assure that you can wrap the whole thing
with a microporour membrane to keep liquid electrolyte from being forced out
while allowing the hydrogen to breathe in and out of the stack.

We have built a cell based on this concept at the Propulsion Lab and the
next slide shows some of the performance data for the first 500 cycles. I can't
explain the deviation between the two at the beginning but it has disappeared and
1 would say that right now it is not of much consequence.

(Slide 218)

WARNOCK: The performance has been very stable and although at 500
cycles the data isn't that significant. Let us show the second slide, the next one.

(Slide 219)

WARNOCK: This shows the 900th and the 1,200th cyele and I think if we
can put these two together —

You see that there has been practically no change in performance over
about 1,200 cycles., This is a very small capacity laboratory-type cell but we
have build several other cells of a conventional design of this same size and
typically the cell gets in trouble at around 800 or 900 cycles, usually from dry
out. You can take the cell apart and rewet it and the performance comes back.
On the oxygen recirculation cell so far ther2 has been no significant indication
of loss of perfcrmance and compared to other celis that were similarly built
and similarly cycled it is showing a much more — a much better ability to keep
itself alive.
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We have a contract with Hughes Aircraft right now and hopefully we will
be able to give you some quantitative data in the future. That program is only
a few months into itself right now. There will be, I think, some comments from
both Dr. Holleck and Howard Rogers about aspects of that work. We hope to be
able to give you a better report on it in maybe a year or so. Thank you.

HENNIGAN: What I would like to do, okay, are there any questions for
Don? Jim Dunlop?

DUNLOP: What is the positive electrode you were cycling, Don, in the
batteries you showed?

WARNOCK: Okay, the early cells not of this design were necessarily made
of chemically impregnated positives. The current cell is an electrochemically
impregnated pusitive.

MILLER: Do you know the loading level?

WARNOCK: I don't but Dave Pickett may know. I assume that it is about
their standard of about 1.9 grams per cc of void. 1 think that is right. Is that?

PICKETT: It is a little less than that, I think, We have been loading the
nickel hydrogen, nickel electrodes for the nickel hydrogen cells a little lighter
than we normally do for the nickel-cad cells.

WARNOCK: It is at maybe 1.6, 1.7 grams?

PICKETT: About 1.7 to 1.8 grams per cc of void.

WARNOCK: Per cc of void.

DUNLOP: Who supplies these ?

PICKETT: Eagle Picher,

WARNOCK: Eagle Picher,

HENNIGAN: Any more questions for Don? We have four more presenta-
tions on nickel hydrogen. I want to take a short five minute break and then we

will finish up. Thank you very much Don.

Our next speaker on Nickel Hydrogen Battery System Development is
Mr. Patterson from TRW Systems.
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PATTERSON: At TRW we currently have two nickel hydrogen battery
development programs, We have one battery development program with Comsat
and then we have our own internal battery development work. In my talk today I
would like to concentrate primarily on the battery development program that we
have with Comsat and highlight some of the progress we have made the last year
on that program and then I will conclude my talk with some of the results that
we have gotten on our own internal research and development program at TRW,

(Slide 220)

PATTERSON: The scope of the concept development program included
both pressure vessel development and battery system development. "In the way
of pressure vessel development we looked at materials studies and weld studies.
We did stress and thermal analysis of the pressure vessel and stack. We looked
at manufacturing techniques for recommended pressure vessel designs. In the
way of battery development we looked at mounting hardware design. We looked
at charge control and bypass electronics. We performed stress and thermal
analysis on the baitery and finally we will fabricate a 10-cell battery and sub~
ject it to a number of tests.

(Slide 221)

PATTERSON: The objective of the program was to develop a 50 watt-hour
per kilogram energy density system. That is exclusive of charge control and
bypass electronics and that is at 100 percent depth of discharge. This battery
is to perform in synchronous orbit capable of approximately 1,000 cycles. That
corresponds to about 10 years life in synchronous orbit.

(Slide 222)

PATTERSON: The material study that we did was based on fracture
mechanics analysis. Fracture mechanics analysis assumes that there are flaws
in materials and these materials or these flaws tend to grow as the material is
mechanically cycled, so what you try to do then is predict flaw growth, the rate
of flaw growth, and then do an analysis to see if the thickness of your pressure
vessel can stand the number of cycles that you plan to put on it,

What we did was we selected three candidate materials. We looked at 316
stainless steel, inconel 718 and titanium material. The reason we selected these
three materials was because as Lee Miller pointed out a number of the original
Eagle Picher cells had stainless steel pressure vessels. The 718 is a pressure
vessel material that Comsat is now using in all of their pressure vessels and
finally we wanted {o look at a new material to see if possibly we could make an
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improvement over the materials that are currently being used. The motivation
for the titanium alloy was that we waated to come up with a material that had a

lower density than the other materials that were used even if the ultimate strength

of that material was less,

What we did waat, though, was a material that had a higher strength to
weight ratio. Now the rationale for this is that currently pressure vessels are
approximately 20 mils. thick and you are really up against the limits, or you are
really pushing the technology of hydroforming at that thickness, so if you could
come up with a material of a lower density you could make it a little bit thicker
and this presumably might improve the welding of the pressure vessels since
you are welding across a larger cross section,

We performed static stress fracture toughness, sustained load and cyclic
load tests., We then reduced this data and generated some flaw growth rate
curves which I will show you a sample of that. Also, we looked at embrittlement
characteristics in these three materials.

(Slide 223)

PATTERSON: Okay, this represents kind of a final result of the fracture
mechanics analysis for one of the materials. This material is the titanium alloy
that I mentioned and here you see flaw depth plotted as a function of cycles to
failure and this is for a 20 mil. thick material. We made the assumption that
using non-destructive test techniques that you could probably detect anything
greater than a five mil. flaw in a material so what we wanted to look at, then,
was let us say that an undetected five mil. flaw existed in your material. How
many cycles could you expect to get before that five mil. flaw would grow to 20
mils. and you would essentially have a leak in your pressure vessel, so you can
see that right here that a five mil, flaw, the cycling of a pressure vessel to 650
psi, you could expect approximately 30,000 cycles before that five mil. flaw
would grow to a 20 mil. flaw, so it was on the basis of this type of analysis that
with respect to the flaw growth characteristics that we came to the conclusion
that all three materials were satisfactory for use in nickel hydrogen pressure
vessels,

(Slide 224)

PATTERSON: In addition to the fracture mechanics analysis that I men-
tioned, we also did some hydrogen embrittlement studies and there again we
found again all three materials were satisfactory for use in nickel hydrogen
pressure vessels. Okay, we then went on to design a pressure vessel using the

titanium alloy because of the reasons I mentioned earlier, the reasons I mentioned
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why we took a look at that titanium alloy. Now I will talk a little bit about the
battery design work we did. A very important part of the battery design work

is (he mounting bracket design. We found that the mounting bracket design in
the nickel hydrogen battery is primarily guided by thermal analysis. In other
words, any bracket that would give you the thermal characteristics that you need
in a nickel hydrogen battery system would be more than adequate to satisfy all of
your structural requirements so the particular battery concept that we looked at
was a bulkhead heat through design.

Someone asked earlier about if you are interested in volume energy density
from a satellite and I suppose you are always interested in space on satellites,
however, in a synchronous orbit satellite it turns out that the amount of radiator
area that you need is actually larger than the cross section of the cell diameter.
In other words you have to spread the heat out over and above the actual dimen-
sions of the cell s0 you are really not paying at the mounting area, a penalty
using this type of battery system.

(Slide 225)

PATTERSON: Anyway, I just show some of the results of the thermal
analysis here and you can see that most of the heat in the cell is conducted down
through the mounting bracket and radiated from a radiator platform here. Very
little of the heat is actually rejected from the top dome of the cell and this is for
a reason. We don't want the dome of the cell to run significantly cooler than the
cell stack because of possible problems with condensation of electrolyte on the
inside surface of that dome.

(Slide 226)

PATTERSON: Okay, as I mentioned, we will be building a 10~cell battery
and prior to that, however, we are taking a look at — we are doing some tests I
should say, on some two cell battery designs. Right here you see two 35 ampere-
hour nickel hydrogen cells mounted to a honeycomb mounting surface. You can
see the flange right here. That is how you actually hold the cell to the mounting
surface. The cells are attached to the mounting hracket using an RTB bond and
we use the fiberglass for insulation between the cell and the mounting bracket.

This particular two-cell battery is on test right now at TRW. We are
pressure cycling these two cells between 50 and 650 psi. We plan to run this
test to failure and see how good we were at predicting cycles to failure for this
particular kind of material.,

(Slide 227)
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PATTERSON: This is another view of the same two-cell battery you just
saw. The point of this figure is to show the actual bulkhead feedthrough concept
for the cell where it actually protrudes through the mounting platform.

(Slide 228)

PATTERSON: This is a model of the 10-cell battery that we will be build-
ing. The reason we put this model together was to optimize the wiring diagram
for this battery. It is pretty hard to do on paper.

The dimensions of this are 12 inches by 30 inches and the height of the
cells is about 6-1/2 or 7 inches.

(Slide 229)

PATTERSON: To show you some mass properties numbers for this par-
ticular battery design, now these are for 50 ampere-hour cells that we did the
analysis on. The battery cell mass, 25 pounds, packaging and wiring mass,

2.2 pounds. Anyway, I guess the important number here is a battery system energy
density of 15.4 watt-hours per pound. Now, I want to emphasize a few things here.
This energy density is at 75 percent DOD and also this energy density includes
both bypass electronics and charge control mass and you can see that the sum of
these two is 5.5 pounds. It is 5.5 out of 32, so that is like another 15 or 20 per-
cent so really we are looking at a battery energy density of over 20 watt-hours

per pound and that would be at 100 percent depth of discharge.

(Slide 230)

PATTERSON: In addition to the hardware development that we did for
Comsat, we are also conducting a cell test program and here you see four 50
ampere-hour nickel hydrogen cells on test. These are aluminum heat sinks that
are wrapped around the cells and they stand on top of an aluminum baseplate
which is cooled with a circulating coolant. We use a mechanical heat exchanger
for thermal control. As you see, all these cells are equipped with pressure
transducers and currently are on an accelerated cycle life test. These cells
have performed about five simulated synchronous orbit eclipse seasons,

(Slide 231)
PATTERSON: That pretty much summarizes the work that we are doing
for Comsat. The remaining things to be done on that program are building a

two-cell battery which we will vibrate. It turned out originally we were just
going to vibrate cells but we thought that we really wanted to do some vibration
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work on that mounting bracket design. We will be building a 10-cell battery and
the tests that we plan to do are some characterization tests, thermal vac. test,
and then some simulated eclipse season cycling,

In the way of the work that we are doing at TRW, part of our program was
to verify some of the battery system energy density estimates that were made
several years ago and to do that we conducted a test program and also had some
analysis tests to come up with some paper designs of nickel hydrogen battery
systems. Also as part of this program we did initiate some cycle life tests and
I think one of the more interesting results that we have gotten is this right here.
Here you are looking at minimum cell voltage on eclipse season operation as a
function of eclipse season number and you can see that these cells were cycled
at 80 percent depth of discharge. These are 20 ampere-hour cells and the actual
initial capacity was a little bit less than 20 ampere~-hours so they were actually
cycled at a little bit higher than 80 percent of actual capacity. You can see that
the minimum cell voltage was very stable out to about four or five seasons.

Then it began to drop. We performed a reconditioning cycle after eclipse season
No. 7 and you see the increase of performance. We performed another recondi-
tioning cycle after eclipse season No. 8 and then we are now in the 12th eclipse
season and we are essentially seeing no voltage degradation with respect to what
we saw at the beginning of life so I think that this data looks better than any com-
parable data for nickel-cadmrium cells that I have seen.

(Slide 232)

PATTERSON: So now just briefly to go over some other results that we
have gotter on our internal program, as I mentioned, we conducted some para-
metric studies to generate the kind of data that we needed to look at designing
a nickel hydrogen battery system and what came out of that was that no signifi-
cant difference was observed between nickel hydrogen and nickel cadmium. In
other wors, using the nickel hydrogen and nickel cadmium doesn't have any
serious impact on power system design, if anything it simplifies it some be-
cause of the tolerance to overcharge and overdischarge.

Okay, I just showed you the data on the accelerated life tests. Those are
now on the 12th season, We put over 1,000 low-earth orbit cycles and that was
at 80 percent depth of discharge on a 90 minute orbit so that the discharge rate
was about 2C and the charge rate was about a C rate, but what we found was a
significant voltage degradation after about 500 cycles which couldn't be recovered
by reconditioning. Finally, after about 1,100 cycles we took the cell apart and found
that the positive electrodes had swelled in those cells by more than 50 percent.
Those positive electrodes happened to be chemically impregnated.
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Now these were also chemically impregnated electrodes here. In fact they
were identical to the ones used on the low~earth orbit test so it just shows that
using that same electrode in a low-earth orbit design at a pretty substantial depth
of discharge, you just can't do it.

The cells appear to be safe against hydrogen as ~ or the leakage of hydro-
gen as a failure mode. What we did was we took two lightweight cell designs.
One had ceramic seals. The other had the compression type seal that is used in
all of the cells that you see up in front of you and that are being used on these
various flight experiment... We crimped the fill tube and welded it shut and then
put the cell in a vacuum chamber and using a mass spectrometer tuned to hvdro-
gen we measured the hydrogen leak rates in these cells. We found that there
were less than 1077 cc per second and if you perform the arithmetic on that :
number and see what kind of hydrogen leakage you get in 10 years it is some~
thing like 10 or 15 cubic centimeters,

Now these, of course, were beginning of life, hydrogen leak rates, but we
have these cells on cycle life test. We plan to periodically pull them off and re-
measure this hydrogen leakage and see if there is any increase in the hydrogen
leak rate.

The cells appear to be tolerant to overcharge and over-discharge. Now
this does simplify the charge control and protection electronics requirement. 1
should emphasize, though, that this tolerance to overdischarge and overcharge
is for typical synchronous orbit type operating conditions, say, C/10 charge
rates and C/2 discharge rates. We did do some gas chromatograph, in situe
gas chromatograph measurements on cells being overcharged and at these rates
we couldn't measure any oxygen at all on overcharge.

In addition, we built some boiler plate cells and just let them overcharge
at a C rate for ~ out of 37 days without seeing any abnormal performance or
behavior, we also over-discharged, reversed cells for up to 30 days without
seeing any abnormal behavior, but I emphasize that those were on boiler plate
cells and the sample size is relatively small. In fact we only had one cell, but
it does ~ I guess you can't get much smaller than that, or if you do you can get
any results you want, but anyway, it does indicate that this cell has the potential
to significantly improve performance with respect to overcharge and over-
discharge.

We have come up with some lightweight bypass circuit designs to protect
the cell in the event of an open circuit failure ancd finally we put together a nickel
hydrogen, a total battery system design for both low-earth orbit and synchronous
orbit and found the energy densities of 11 to 15 watt-hours per pound were
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feasible for synchronous orbit and six to nine watt-hours per pound were feasi-
ble for low-earth orbit.

HENNIGAN: Any questions? Sid Gross?

GROSS: On your energy density projections, why is the — where does the
extra weight come from ? It nearly doubles the weight in the close earth orbit.

PATTERSON: The thermal control hardware.
DUNLOP: That is usable energy density.

PATTERSON: Yes, that is usable energy density. That is not at 100 per-
cent depth of discharge.

GROSS: What depth of discharge values did you assume for both cases?

PATTERSON: Well, we assumed 80 percent for the synchronous orwvit and
I believe something like 15 percent for the low-earth orbit, 50 or 60 percent.

GROSS: That is most of it.
PATTERSON: Yes. Also, therm.i control hardwa—e does add weight.

FORD: Ford, Goddard. You mentioned the expansior of the plates on the
low-earth orbit, 80 percent depth, I think you said.

PATTERSON: Yes.

FORD: Do you see that plate expansion in your high rate time continuous
overcharge?

PATTERSON: You say did we see the same -

FORD: Yes, do you see plate expansion, you know, when you said you had
C rate overcharge which is about equival:nt to the rate we are charging in near-
earth orbit.

PATTERSON: Yes, we haven't taken those cells apart.

FORD: It would be of interest to know is it really the cycling, the dis-
charging, or is it the overcharging or a combination of both that is causing that

expansion and I had another question. Would you characterize the voltage fade
in your nickel hydrogen cells similar to the nickel-cad?
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PATTERSON: Well, when we took the cell apart we measured positive
electrode capacity and found that it had reduced by about 20 percent and so I would
say that the voltage fade at least on this test it looked like it was a natural loss of
capacity at the positive electrode,

SULKES: Sulkes, USAECOM. Did you say what your reconditioning pro-
cer'ure was ?

PATTERSON: Yes, it was a C/2 discharge rate so I believe one volt and
then we put a one olm or a two ohm resistor across the cell terminals.

HENNIGAN: Stan Krause?

KRAUSE: Bob, what separator were you using for that 1,000 cycle low-
earth orhit test?

PATTERSON: That was 4 nylon separator.
KRAUSE: You used a nylon separator?

PATTERSON: Yes, It was kind of interesting. When we took the cell
apart we couldn't find any burn holes or anything in there.

HENNIGAN: One more question back there?

KUYKENDALL: Yes, just a general question. Everything I have heard
talked about here is in fairly high energy capacity cells. Is there anything being
done in the lower energy?

PATTERSON: Like, say, lower than 20 ampere-hours?

KUYKENDALL: Yes, yes, or six, 10, 12,

PATTERSON: No. You don't get the same energy density advantage going
to those lower cell sizes,

HENNIGAN: Okay, we will go on to another spezaker. Thank you very much,
by the way.

The next is Marty Gandel from Lockheed and he has some test results on
low-earth orbit nickel hydrogen cells.

GANDEL: Thank you, Tom,
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I would like to describe this afternoon some of the testing that we have
done on some 20 ampere-hour Eagle Picher prismatic cells which you have seen
a picture of earlier. The test program is being conducted under our Lockheed
independent development program which was started in 1973. The testing pro-
gram has both the synchronous orbit an1i low-earth orbit applications in mind
and we have tricd to obtain the parametric characteristics of the cells looking
toward optimizing the charge control and the overall power and thermal manage-
ment of the batteries themselves. The low-earth orbit work has taken on added
interest. The Air Force sponsored flight experiment battery which is coming
along and which is being built by Eagle Picher and provided by Don Warnock
through SAMSO through Lockheed to fly.

Most of the data I will sLow today is based on the nylon separator cells
and the chemically impregnated positive electrodes.

(Slide 233)

GANDEL: I am showing this typical older data describing the synchronous-
type 24 hour cyclic testing we ran and in this regime the max. pressures we ob-
tained generally fell in this 500 to 6C0 psia range and then when we changed over
to the low-earth orbit cycling on the same cells we experienced — am I right?

(Slide 234)

GANDEL: We experienced excessive pressure rise. In the synchronous
orbit testing we were charging at about a .75 amp rate and here in going to a 7
amp charge rate and went up to 700 pounds, stopped for a while to take a breather
and started charging again and when we hit 750 pounds on this 1,100 psi burst
pressure can we thought we had enough and we ought to stop.

Then we had some deliberations with Eagle Picher as to what do we do
next, and we felt there was noth‘ng to lose by discharging the cells down. As
you can see the end pressure — we just displaced the pressure range and so the
pressure on discharge under this rate was over 200 pounds and then subsequent
discharging through a resistor brought us down in the range of 75 to 150 psia.
At that point we bled off the extra hydrogen. I might digress a moment.

When we were seeing these very high pressures 1 had some gas chromato-
graph analyses conducted to see if by chance you could have oxygen in there
which wasn't being recombined. There was no danger. There wasn't any oxygen
that could be measured.

(Slide 235)
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GANDEL: Then subsequent to that, this goes back to the Middle Ages
where I guess bleeding helped the body. So we went into low-earth orbit cveling,
This shows the spread in pressure of the cells after that time. This is a six
cell battery and the charge efficiencies varied somewhat. First we tried using
pressure control off of the lowest pressure cell. Fxcuse me, off ...e highest
pressure cell, In that case the lower pressure celle started dropping off in
capacity, so we changed the procedure, went to the charge control off the pres-
sure of the lowest cell and we went up just to where we were carrying the beiter
efficiency cells just into overcharge and that was where we terminated the charge
and we kept on repetitive cycling.

(Slide 236)

GANDEL: This is the matrix of testing which we conducted on the six-cell
batteries 8o far, with the charge rates ranging from a C rate to a C/10 rate and
in these cycles we were charging for 31 minutes and then discharging for a max.
of 29 minutes and when we were able to establish a repetitive cycle history or
pre ssure history we adjusted the discharge time so we would have a balance,
just enough charge to maintain that pressure profile,

(Slide 237)

GANDEL: This is another, kind of a composite of the different charge-
discharge regimes. The C, C/2, C/4 rates were very close to the same charge
efficiency. You will note that at C/10 they were getting a lower charge efficiency
which meant that we have a much longer charge-discharge time period a»- up
ahout, you can see the linear pressure curves which indicate that we terminated
the charge before we went into overcharge.

The voltage traces showed a peaking of some of the ratee before woe went
into overcharge, which is indicative of if you are going to use voltage as a cut
off you might be attenuating some of the total capacity available in the cell. If
you are not operating to high depths of discharge maybe that won't make too
much difference except that you won't have as much residual capacity to the
battery.

(Slide 238)

GANDEL: In this curve there are two things we see. One is the effect of
temperature. The three upper curves are for the 20 ampere~hour Pellon cells.
For comparison here ] have also thrown in data on a 50 ampere-hour cell which
is, I think, very close to the concept design and it is showing a higher impedance
cell. That is all of the information we can get just from this curve.
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(Slide 239)

GANDEL: In looking at the value of a temperature compensated voltage-
type charge corntroller, I have plotted here the peak voltage data obtained during
cycling at these respective charge rates and plotted them as a function of tem-
perature. At the lower charge rates the data naturally tightens up some so that
if one is to use the temperature compensated voltage charge control then you
would accomplish that by setting an operating line somewhere below the max.
charge rate that you expected to obtain. We haven't formalized our thinking on
the best charge control method. The pressure has been reproducible, very re-
producible in the testing to date. We look at the temperature compensated volt-
age because that is what we have been employing on the ni-cads and it looks like
at the lower charge-discharge rates, the lower depths of discharge, that the
voltage system might very well work.

(Slide 240)

GANDEL: I might just digress a moment and addressing Fred Betz' method
of control using temperature by relying on going into overcharge and sensing that
added heat, in most of the low-earth applications that I would think of, the thermal
control is so sensitive that you want to assure that you stop somewhere before
you where they go into very much overcharge.

In these repetitive cycles, there are, well, two ways of calculating charge
efficiency. The easiest way is where you have the linear pressure time slopes,
to figure charge efficiency as the ratio of the slopes of the charge versus dis-
charge, pressure rise per ampere-hour, The other way is where we have this
highly repetitive cycling over many cycles with its reproducible pressurc curve
of simply tallying ampere-hours in over ampere-hours out, excuse me, ampere-
hours out over N,

When 1 plotted the data for the 20 ampere-hour prismatic cell design after
2,600 some cycles I found that the charge efficiency was lower than one might
expect for this system or for ni-cad especially, where we were coming in at
about a max. of about 75 percent. I then looked back at earlier data on the saume
cells and up to 300 and some cycles there was no aftenuation of that charge ef-
ficiency but that from 300 to 3,000 that we were seeing some attenuation there.

As Lee Miller was presenting these designs I was thinking that ironically
the prismatic cell design where you have the electrodes in parallel with the re-
straining faces, that you have a maximum allowance tor the electrode growth.
Excuse me, it can grow in fwo dimensions. That may be one of the reasons that
we were seeing pretty stable operation through quite a few cycles. Although I
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haven't decided yet to go back to say, well, the prismatic cell is really the way
everybody should go because the main detriment there is that if you are operat-
ing at high rates at all you are going to have a thermal gradient from the inside
out so that each plate will be at a different temperature than its neighbor, and
that way the cylindrical type design would be much better because the major
thermal gradient is radially in the plane of the plate, so all of your plate should
be operating at pretty much the same thermal environment,

If you look at some of the early data on this cell, then the charge efficiency
curve moves over to the right as indicated by the triangles, and that is showing
efficiency in the close to 90 percent range.

I also looked at charge efficiencies in the 50 ampere-hour cylindrical cell
with the asbestos separator and I looked at data we have on an ERC 20 ampere-
hour cell with the potassium titanate separator and in both those cases the effi-
ciency curves fell in the 95 percent to 100 percent range.

In plotting these curves back to quote, "a zero charge efficiency," I made
the simplifying assumption that the charge rate necessary would be equal to the
self discharge rate. That may be a little bit off, but I think everyone is going to
decide on what kind of a trickle charge rate he needs to offset his self discharge.

(Slide 241)

GANDFT.: Denarting from that cell and looking at thermal considerations
in the 50 ampere-hour cylindrical cell, we bought cells from Eagle Picher with
internal thermal couples. In this case we had four internal thermal couples in
a cell and I wanted under high rates to see what kind of temperature gradient
we might see and of course, we began from a cell which was equilibrated at room
temperature and you see very little temperature rise during the charge. We are
probably just beginning to get some bend over of the pressure curve and a little
bit of overcharge, and then going into the discharge at a C rate, we were getting
upwards of I would say 55 minus 33 over 20 degrees delta T from the thermo-
couple at the center of the stack out to the can wall,

What I should have shown at the time that 1 was talking about the parallel
plates to the wall, this is an x-ray of that 20 ampere-hour cell.

(Slide 242)

GANDEL: I am just showing the plane of the restraining face. Okay, that
was the last slide.
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HENNIGAN: Do we have any questions for Marty? Don Warnock?

WARNOCK: Marty, on that last slide where you had the 20 degrees differ-
ence between the center of the stack and the can wall, what was the hydrogen gas
gap on that cell? What was the hydrogen gas gap between the edge of the plates
and the inside of that cell wall?

GANDEL: I would be guessing on that. Is Lee still here?

MILLER: Yes, Miller, Eagle Picher. I think in the early life that is prob-
ably about 100 mils.

HENNIGAN: Stan Krause?

KRAUSE: Marty, a general quesction that others can answer. In view of
some of the nasty shots taken at Pellon 2505, here at this conference, you get a
lot of tests data on cells with Pellon in it and there are some others. What do
you think the future of that separator is for nickel hydrogen?

GANDEL: We have a separator study conducted at Eagle Picher where we
looked at the regenerated asbestos, the natural asbestos, potassium titanate and
the Pellon and we couldn't deduce any significant result from that test series to
say which way to go and just operating as widely as everybody elae I felt that in
future cells I would want to go to the regenerated asbestos just to be one of the
go-along guys. I can't refute the hurn-through, the burn-hole experiences and I
don't feel that I have got cells with burn-through experience here because I don't
see anything in the voltage data to scare me.

On the higher charge, excuse me, the lower charge efficiency that I have
seen, I am just guessing on that thing but I can imagine that if I have enlargened
the plates where I am growing in the X and Y directions, that I have got fat edges
that are exposing a lot of the nickel to the hydrogen and just things must be getting
sloppy in there which is not a scientific explanation.

PATTERSON: Patterson. You made a statement that one way of deter-
mining the charge efficiency in a cell is when you have the pressure/time slope
for constant current charge and discharge, you take the ratio of charge curve to
discharge curve, but don't you also have oxygen evolution near the end of charge,
so in other words, taking the slope of those two curves doesn't really give the
efficiency over a cycle. It gives you something less than that.

GANDEL: Where you see the initiation of discharge, immediately follow-
ing the charge, and the slopes are square —
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PATTERSON: It seems you are getting no oxygen evolution at all.
GANDEL: Especially at the lower rates.
PATTERSON: Lower charge rates, yes.

GANDEL: Now, I am not relying entirely on that. I am saying that is where
I have gone for maybe 50 or 100 cycles in a repetitive profile. I can check that by
just adding ampere-hours in and ampere-hours out. I confirm it, I mean I don't
have any data that tells me don't believe it except what I have noticed is where we
are going, let us say we are operating on a C/2 charge and discharge profile.
That, at the initiation of discharge that I will see a negative deflection to that
pressure curve and one way of explaining it empirically is to say that if you
superimposed self discharge on the power discharge then you would account for
that kind of a pressure characteristic.

HENNIGAN: Jim, did you have a question?

GANDEL: I have checked temperatures and I can't account for that much
difference just based on PV equals RT.

HOLLECK: May I make a short comment to that? You actually do get an
overshoot of the pressure. The pressure continues linearly into the beginning
of overcharge and the reason is twofold. First, it takes some time for the oxy-
gen to get from the nickel electrode to the hydrogen electrode and secondly, the
temperature increases which also increases your pressure so if you look at your
pressure data it will continue linearly even though you start already going into
overcharge, and your deviation over discharge is as you said. You can explain
it as a super position of overdischarge if you want or self discharge and dis-
charge, but it is not really self discharge. It is the using up of the oxygen which
has been stored in the pores.

GANDEL: The only argument against that is the inability to analyze and
find any oxygen at any time during that charging.

HOLLECK: During overcharge you do find oxygen in the cells. By the way,
that was Holleck, EIC.

HENNIGAN: I think I will move on. You know, at 5:00 o'clock you can stay
as long as you want. Our next speaker is Howard Rogers from Hughes Aircraft
and his topic is on nickel hydrogen also and low-earth orbits of a nickel hydrogen
cell.
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ROGERS: May I have the first Vugraph, please?
(Slide 243)

ROGERS: The work on this that I am going to be discussing today was
sponsored by the Air Force Aeropropulsion Laboratory and Herb Luke was the
Air Force project engineer. We had three basic objectives in this work. One
was to measure the degradation rate of what we consider the baseline nickel
hydrogen cell which is really the stacked design in this case, only to do it under
low-earth orbit conditions. Then what we are going to do is to build a stack of
the design that Don Warnock spoke about where the oxygen recirculates and you
compare those results with the ones we have gotten here. Another thing we did
was to monifor the electrolyte loss during operation and finally we also measured
the amount of oxygen generated under various conditions of charge. This was in
a semi-continuous monitoring.

May I have the next slide, please, Tom?
(Slide 244)

ROGERS: The stack that we built was composed of, in the pineapple slice
design which has been previously described. The positives were Tyco electro-
chemically impregnated plates of 3-1/2 inches, approximately, in diameter, and
were set up back to back. Two negatives were used which were manufactured
by ERC. The separator was Johns Mansville's fuel cell grade asbestos as re-
ceived. Two polypropylene gas diffusion screens were used of Vexar poly-
propylene, 24 mils. thick. The electrolyte was the usual 31 percent KOH and I
should comment about the leads. This is a boiler plate cell which I will be show-
ing in a moment. The leads are fairly long and for mechanical reasons we
couldn't use as heavy wire as we wanted to and we did have a significant voltage
drop in the 12ads which does not really reflect anything particular about the cell
but does make the data appear to be low. May I have the next slide, please?

(Slide 245)

ROGERS: The cell which you see pictured here in cross section is a rather
solid boilerplate unit and would not be considered lightweight. I think it is some-
where around 30 pounds and for three ampere-hours., There are certain features
of the construction I want to point out. One, if you notice a rather peculiar funnel
shape of the plastic and the cell at the bottom. It is designed precisely like a fun-
nel and there is an electrolyte drain valve at the bottom. That is how we meas-
ured our electrolyte loss. Any electrolyte you lose from the stack goes out and
falls — goes down the funnel and out the bottom when we drain it which is periodic.
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Another very important point is an oxygen tap or oxygen tube, actually a
piece of teflon capillary tubing, which was placed adjacent to the stack over there
on the right and in this way we are able to periodically sample the oxygen con-
centration near the stack so this wasn't an analysis after things happened. This
was an analysis while it was churging at any point we wanted to.

Another feature of the cell was the extremely low gas volume that plastic,
the plastic in there is solid. The idea is that we wanted to have a small cell but
one unlike most small cells which cycled over the full pressure range, and this
cell we were cycling over typical 100 to 500 or 600 psi pressure range.

May I have the next slide, please?
(Slide 246)

ROGERS: Now, these are curves of actual cycling data taken from the re-
corders and I first will give you the conditions and I will try to explain some of
the rather peculiar looking data you see. It was 80 percent depth of discharge
in a 90 minute cycle. The charge-discharge ratio is 1.15 to one and the cell was
simply held at rcom temperature or I should say left at room temperature.
There was no cooling used. It is rather large for its capacity.

The sawtooth effect you see is caused by periodic capacity tests which
were done initially in the first couple of hundred cycles. We then let the cell
cycle for a while to determine whether the end of discharge voltage would level
out which it did. We did another capacity test and then finally for the remainder
of the nearly 500 cycles we simply let the cell cycle without any interruption and
the cell finally went below our arbitrary voltage of one volt at the electrodes
which corresponds to the data here of .89 volts. In other words, that is that lead
drop I previously mentioned. This was admittedly arbitrary but gave us some
point at which we said, well, the cell is not deteriorated a certain amount.

One additional point, the original cell capacity was three ampere-hours
measured at basically about a C/8 charge and a C/2 discharge and at the end of
that cycling even though it was failing to operate at this 4.1 amp discharge rate,
nevertheless, it was still giving 2.8 ampere-hours at a C/2 rate so there was
very little deterioration in total cell capacity.

May I have the next slide, please ?

(Slide 247)
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ROGERS: The electrolyte loss which I previously mentioned was — first
we did an initial five tests where we lost — these were parametric tests where
we lost 2.7 percent of the electrolyte and then we went into the cycling and took
periodic loss measurements of the electrolyte which indicated a gradual loss of
electrolyte finally amounting to approximately 11 percent. An interesting bit of
data is at cycle 432 which shows a very, very large loss, in fact nearly half and
this was a special test we did where we charged at C/2 for four hours so it was
a rather severe overcharge test and apparently blew out a substantial amount of
electrolyte which had accumulated. My feeling is it accumulated within the stack
and was blown out by the excessive oxygen produced.

(Slide 248)

ROGERS: In the next slide these are measurements we did of oxygen gen-
eration as I mentioned. We took the data at end of charge and at end of an open
circuit period to see how much the oxygen would come down simply sitting with-
out anything happening in the cell. The highest oxygen we got in this series of
tests and remember that this is an impervious asbestos separator, was 10.8
percent which then, in nearly two hours went to five percent. At a much lower
charge rate we had initially 4.7 percent. One of the most significant things to
come out of this is that both at the C/2 charge rate if you compared runs two
and nine and at the periodic capacity checks which are three, six, seven, eight,
and 10, that the oxygen percentage during charge kept dropping and dropped
substantially so that finally at the end we are only seeing 1.3 percent.

During the cycling, we also measured oxygen at the end of charge and that
was well into cycling so it was sort of between tests nine and 10, We were see-
ing 1.8 percent at the C charge rate where there was, of course, very little
overcharge,

We are continuing to study both electrolyte loss and oxygen generation and
we will be looking at other stack arrangements., Thank you.

HENNIGAN: Any questions for Dr. Rogers?

DUNLOP: Let me ask a question for review. On these last two slides, on
the electrolyte loss that was done with which kind of separator ?

ROGERS: All these tests were done with an asbestos separator in one
stack. The cell was not rebuilt or anything. We simply put the thing together
and the results you are seeing here were done without having to disturb the cell
in any way.
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DUNLOP: Would you have any data with nylon for comparison, by chance?

ROGERS: Yes, but not at this time.

DUNLOP: Can you make any comment about whether it was better, worse,
or the same?

ROGERS: We have not cycled nylon, but we did extensive parametric test-
ing and the oxygen generation was considerably less. It also showed the effect
of a series of tests increasing the ability of the cell to recombine oxygen, so
that effect was also there. We were, for example, able to overcharge a cell at
a C rate continuously, virtually, like we did it for nearly three hours. I might
also add that we had no problem whatsoever with even minor pops in the cell
under those circumstances.

FLEISCHMANN: Fleischmann, C & D. Do you relate this reduction in
oxygen evolution with the loss of the electrolyte? Do you think it is because

you are running a dry cell?

ROGERS: Yes. I discussed this point with Dr. Holleck and we came to
the — well, I won't say conclusion, but the best guess we could make was that
the negative electrode lost electrolyte and if you assume that the layer of elec~
trolyte in the electrode is the limiting step for the reaction of oxygen. Then
the thinning of that layer would cause an increase in the rate of recombination,
That is guesswork at this point,

HENNIGAN: Are there any more questions? If not, we will go on to the
next speaker, Dr. Holleck from EIC Corporation.

HOLLECK: In this last presentation of this workshop I will briefly sum-
marize what I consider to be the main problem areas of the state of the art in
nickel hydrogen cells. Then I will give you an idea of the approach that we are
doing to develop solutions to these problems.

The main problem areas are electrolyte management and oxygen manage-~
ment, A further concern is, naturally, the positive electrode itself. As I men-
tioned, we have proposed solutions for these problems and we are presently
working for the Air Force through Hughes on a program designed to investigate
the various parameters of electrolyte and oxygen management. Qur objective
is to dem..nstrate practically viable solutions to those problem areas.

On overcharge oxygen is generated at the nickel electrode. It is needless
to say that oxygen hydrogen mixtures are potentially dangerous. It is therefore
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essential to maintain low oxygen concentration well below the explosive limit.
The recombination of oxygen and hydrogen on platinum, chemically or electro-
chemically is very fast and therefore the transport of oxygen to the hydrogen
electrode is a critical factor,

The initial nickel hydrogen cells empioyed the same non-woven nylon that
is used in nickel-cadmium cells. Since nickel hydrogen cells, at least after a
few cycles, operate in a partially starved state, the separator shows a significant
gas permeability and you have oxygen transport to the hydrogen electrode both
around the cell stack and through the nylon separator. Typically in such cells
oxygen concentrations are very low and are measured below one percent.

Such cells have shcwn, however, potential failure modes that can be traced
to the heat sensitivity of the nylon. Localized heating, for example, by penetraticn
of an oxygen gas bubble to the hydrogen electrode can result in meliing of the
separator and short-circuit of the cell. It is therefore desirable to replace the
nylon with a heat insensitive separator, for example, ashestos or potassium
titanate. Such separators typically are gas impermeable even when they are not
completely saturated with electrolyte, We have to consider this and provide suf-
ficient alternate diffusion passages. This can be achieve by suitable cell design.

If I may have the first Vugraph?
(Slide 249)

HOLLECK: This just shows a schematic of what you have actually seen
before, a standard back to back design and forget about the other one at the
moment, I will come back to that.

For example, a simplified diffusion calculation on the pathways of the
oxygen in an asbestos cell, for example, where you do not have penetration
through the separator, shows that the bottleneck for diffusion is the penetration
into the gas space, at least in conventional cells as they have been built and a
very coarse calculation shows that for example at the C rate overcharge which,
granted, is quite severe, you can get oxygen concentrations of about, expect
oxygen concentrations of about 13 percent.

Now, proposed solutions to these problem areas include the following; gas
permeable inorganic separators, for example, which would be a heat insensitive
simulation of the nylon, secondly, gas impermeable separators. Here a suffi-
ciently wide spacing of the gas diffusion space is necessary tc allow the necessary
diffusion rates of oxygen to the hydrogen electrodes. The pineapple slice design
derive by Don Warnock primarily, at least initially, on similar grounds, has a
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beneficial effect, also, of an increased edge area on the inside and the outside.
Thirdly, a design with single positives and this is shown in the next Vugraph.

(Slide 250)

HOLLECK: In such a design the oxygen evolved at a nickel electrode would
diffuse, cross the relatively narrow gas diffusion space and react at the opposite
hydrogen electrode. You can see that in such a stack you have an asymmetry at
the ends of the cell stack so what you ideally want is a circular cell stack. You
have to provide, in order to close the loop, for either electrolyte or gas, a trans-
port from the one end of the stack to the other side and one possible practical
solution has been shown in the arrangement by Don Warnock.

The second major problem is that of electrolyte maldistribution, especially
loss of electrolyte from the cell stack. During extended cycling changes in elec-
trolyte porosity and wetting characteristics can also contribute to electrolyte
management problems. The main mechanism of electrolyte loss is entrainment
and expulsion by gases in motion. There are other mechanisms which may con-
tribute which I will not discuss here because of the time limitations.

Proposed solutions to these problems include the incorporation of reser-
voir structures into the cell design, and the separation of entrained electrolyte
from the evolved gas by hydroforbic membranes. These two features are also
included into these designs which I have shown here. Several parameters enter
into the consideration of selecting a suitable reservoir structure. Most impor-
tant is the relative affinity of electrolyte to the various stack components. Pore
size is the single most controlling factor. The reservoir structure has to be
selected such that it will give up electrolyte preferentially to either the sepa-
rator or the positive plate.

If one achieves this it should be possible to realize positive plate capaci-
ties approaching those measured in flooded condition. This effect may well
compensate for the additional weight added by these components. Our present
investigation is designed to obtain quantitative data necessary to define the rela-
tive importance of the various mechanisms in oxygen and electrolyte manage-
ment to find practical solutions and to demonstrate the effectiveness of those
solutions. Thank you.

HENNIGAN: Do you have any questions for Dr. Holleck? Dean Mauer?

MAUER: I have one for Jim Dunlop. Have you seen any evidence in your
long term cycling of this electrolyte redistribution in this test here ?
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DUNLOP: Yes., We have seen drying out. Well, interestingly enough we
tried polypropylene a long time ago. First we used polypropylene and that seems
to fill it out to about 2,000 cycles, very repeatedly. We tried nylon which seemed
to fill out to around 5,000 cycles or so. However, it all depends upon the depth
of discharge and one of the problems seems to be related to the positive electrode
that has been discussed before. We know that when the positive electrode expands
you also have this increase of the microporosity along with the expansion and
there seems to be a combination of two effects. You can actually get electrolyte
pushed out of the stack. You can get electrolyte redistributed in the positive
electrodes, about 50-50 and a corresponding loss of electrolyte in the separator.

MAUER: How about this concentration gradient where you get water at
one end of the stack and KOH at the other?

DUNLOP: Well, one of the things I think is a difference and I think might
make this difference, but one of the studies and a lot of the work that they are
referring to is related to extremely high rates of charge-discharge cycles, and
when we normally charge at a C/10 rate or even lower you don't run into a ser-
ious problem. As a matter of fact, if you looked at some of the data a lot of the
charge-discharge cycles it is hard to tell if you are even getting into the over-
charge mode a lot of times, particularly when you are using pressure as a cut
off point and the charge — but I think that is a difference and there is more con-~
cern in the high rate C. They are talking about charging at the C rate in this
30-60 minute orbit and I think they have addressed th» problem. It is 2 more
severe problem for them.

HOLLECK: The effect is a principal one but you are absolutely right, It
is much more elevated and more significant at the higher rates and it is also
aggravated, certainly, by expanding of the positive but it is a separate effect.

HENNIGAN: Harvey Seiger?

SEIGER: I would also like to address this to Jim. You have taken some
of those cells apart after the electrodes have thickened, the positives have
thickened and you rebuilt those cells.

DUNLOP: Right.

SEIGER: Could you describe the electrolyte redistribution problem in
those rebuilt cells? 1 think the thickening may have settled down.

DUNLOP: Yes, Joe, do you want to —
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STOCKEL: Yes, we 1an some small cells with nylon an. they would fail
at 2,000 cycles and just, of course, just refilling them they would run on until
we stopped them, but it didn't happen with the electrochemically impregnated
positive. I think I talked about that about three years ago, if I am not mistaken,

_ DUNLOP: Back to what was Gandel's point about when you charge a cell
initially and depending on how much overcharge you put into it you do get many
discharges done and you generally find a fair — you may not come down to the
same point that you started with, particularly depending on the amount of over-
charge that you are up to, and it is interesting with nickel electrodes, I think
this has been one of the problems with nickel electrodes in nickel-cadmium cells
in that it is difficult to give a state of charge comparison of one electrode to the
other because when you are operating in the C/2 rate on a discharge, for example,
you come down to something Ji':e in the nickel hydrogen, say, you may come down
to 150 psi left in your cell at o i volt or zero volts at the C/2 rate. Now if you
start your discharging and put a resistor across there you may be able to dis-
charge another four or five ampere-hours out of that cell, as a matter of fact.
You will and the pressure will come on down to something like 50 psi or even
lower and this is a very — this capacity if you can get, whether you call it re-
conditioning or whether you call it discharging at lower rates, is always very
evident in nickel hydrogen systems because you can always equate it directly to
the pressure that you look at and the same thing happens on overcharge. When
you overcharge and the more you overcharge, generally, the higher pressure
you go to and you get very concerned about whether that is oxygen or not and
what you always find out is it is not oxygen. It is really excess capacity of the
positive that you get by excessive overcharge.

IMAMURA: Either Bob Patterson or Marty talked about growth of the
positive plate. I was wondering whether it is maybe Jim could answer it or
somebody. Is the growth more effected by lower charge rate or a higher charge
rate?

HOLLECK: Well, I don't have detailed data on this but I would think that
it probably is more severe by the high, general high rate, but I do not have any
data to back that up. Jim, do you?

DUNLOP: Well, we saw ~ I think everybody has seen ‘nore expansion with
the discharged cycle, Somebody asked about the overcharg:.. We have done a lot
of overcharge but where we really see expansion of the positive electrodes is with
deep discharge cycles.

HENNIGAN: Marty?
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GANDEL: Gandel, Lockheed. The only comment I would make there is
that extra pressure rise is associated with the higher charge rate, so if that is
related to expansion you can tie something together but I don't know that positively.

HENNIGAN: Dr. Rogers?

ROGERS: Yes, Rogers, Hughes. In answer to that question also, we had
experience with some Eagle Picher — in fact the cell that Lee Miller had shown
on the board was one of ours that we had tested and these cells were the 50
ampere-hour and showed thickening up to 75 percent and pressure rises well
above 700, 750 pounds, but that could be completely discharged if we were patient
enough. You could actually get the pressure down io nearly to what it had been

originally.
DUNLOP: That is right.
ROGERS: Much like Jim said, so —
HENNIGAN: Fred Betz?

BETZ: Just one comment on this increase in positive capacity. I remember
seeing some data that the Royal Aircraft establishment in England generated a
number of years ago trying to determine what overcharyge rate. I think Floyd was
talking about that before, what overcharge rate would suffice and we compared
the capacities after 20 days of overcharge at rates, a* 40 degrees C. The over-
charge was performed for 20 days, 40 degrees C at various rates from C/120
up to C/5. In all cases they showed capacity increase, but at C/120 it was only
about three or four percent but up at C/5 almost linearly increasing to about 15
to 20 percent if I remember the numbers correctly, and that is compared to a
room temperature capacity, a 20 degrees C. capacity, so even at high tempera-
tures you don't need much overcharge. You will tend to increase the positive
capacity, I believe, and it is not there the next time.

HOLLECK: Well, the products that you make during charge is dependent
on the column density on the potential which goes with column density, so if you —
that is especially obvious at the higher temperature, for example, If you, at 50
degrees C. or higher overcharge continuously at a C/10 or less you can over-
charge as long as you want. You will never get the same capacity into your plate
and out again during discharge than if you do it at a higher rate.

HOLLECK: Well, the products that you make during charge is dependent

on the column density on the potential which goes with column density, so if you -
that is especially obvious at the higher temperature, for example. If you, at 50
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degrees C. or higher overcharge continuously at a C/10 or less you can over-
charge as long as you want. You will never get the same capacity into your plate
and out again during discharge than if you do it at a hiyher rate,

BETZ: But these were continuous overcharge tests, multiply charged cells,
They did show an increase in capacity from their standing capacities as a func-
tion of thie overcharge period.

HOLLECK: Of the period?

BETZ: Right.

HOLLECK: Depending on the rate,
BETZ: Depending on the charge rates.

DUNLOP: Let me address that question. I think there is something that
is extremely interesting which is related to the nickel electrochemically im-
pregnated nickel electrode versus the chemically impregnated. If you takz, for
example, if you take the electrode that we have, when we measure the capacity,
I forget what it is exactly but maybe Joe remembers, but Dirk was doir.g some
very careful measurements on these measurements of the electrochemically
impregnated nickel electrodes and comparing them to the flooded measu.'ements
that we have normally on chemicaily impregnate! electrodes. I don't remember
the exact number but we are getting 100 or some 10: percent, whatever, for the
electrochemically impregnated electrodes of the theoretical, based strictly on
the exact weight gain. It is a very difficult thing with the chemically impreg-
nated electrode to know exactly how much active material to have so we did a
chemical analysis and we tried as best we can to determine it but we know for
sure that with a normal type charge cycle that we don't get th= same kind of
utilization with the chemically impregnated electrode that we are getting with
the electrochemically impregnated. In other words, it was the same type of
charging cycle. We are getting about as good as we can get with the electro-
chemically impregnated electrode, but there is obviously a lot of material in
that chemically impregn-ted electrode that is not being utilized and I think that
is the problem and when you go to the higher charge rates you are starting to
utilize — you are overcharging more. You are probably utilizing more of the
active material while you are seeing the difference in capacity.

HENNIGAN: I don't see any more questions here. Thank you, Dr, Holleck.
I hope you all enjoyed your stay here at Goddard and the session on the ni-cad
and nickel hydrogen batteries. 1 guess we will see you next year. You are wel-
come to stay in the room if you want to discuss anything or look at the nickel
hydrogen battery. You want to look at it for a while, Jim?
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DUNLOP: Don't touch it.

HENNIGAN: Okay, then have a good trip back home. Floyd has a few words
to give you.

FORD: Yes, I just want to say that we rave already been apprised that the
Solar Voltaic Conference next year is scheduled for the week that we had the
workshop this year, so if you want it for planning purposes, look for the week of
November the 9th next year. That is probably when you will be setting up the
workshop. Thank you for coming and thank you for participating.
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Large

Crystal

Crysy

Grow in more dilute
less saturated
solutions

Solution less saturated of:

1. Higher temperature
2. Higher [OH7]

3. Lower discharge rote
4. Higher charge rate

Near Earth orbit

Random

~Long. periods of open
circuit discharge

- Long. Low-rate discharge

maximizes conditions for
large crystal growth

- Charge/discharge regime
promotes convection

=~ Electric field present

Growth

Small

{Solid Stote)

Cd + 20H” » Cd(OH); + 2¢~

Ko (dissolu'ion)

Cd + 30H = Cd(OH), 1 2¢~

;—(Ptocipi'otion) -1

Cd(OH); » Cd(OH), + OH"

Figure 27

Storage
Mode

Tests

—

Shorted

— Moximum amount of

Cd(DH), present

= No Cd{OH); via

dischorge reoction
— No convection

~ No electric field

Figure 28
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\Crys:al

Formed in highly
soturated solutions

Solution more saturated at:

Lower temperature
Lower [OH7]

Higher discharge rate
Lower chaige rate

-l adiadbad

Synchronous orbit

Trickle
Charge

~ Minimum amount of
Cd(0), present

- Some Cd(OH)3 via self
dischorge

- No convection

- Flectric field present

- Continous agitation of
separator orea of O,

generated ot the positive
plote (retards crystal
growth)
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ECLIPSE SEASON NO. 1
MININUM  MAXIMUM  MEAN

LOY M0,
18 1.16)
(6)
88 1.156
(8,9,M1)
10 1.156
()
11 1.1583
(18)
() -
NOTE 1:
NOTE 2:

1.166  1.164 1.086
(2) (6)
1.159 1,157 1.095
7 (10)
1.160  1.158 1.082
(15.17) (4)
1.158  1.155 0.813
(23) (21)

CELL POSITION NUMBER
BEFORE RECONDITIOHING TO LOW VOLTAGE

ECLIPSE SEASON NO. 5 (NOTE 1)

MINIMUM  MAXIMUM  MEAN

1.116
(2)

.m
n

1.115
an

1.083
(23)

TWO ECLIPSE SEASONS AFTER RECONDITIONING

1007 1103 1.8
(6) (2)
1.102 1104 1.4
(an n
1.095 1.078  1.115
(14) (17)
1.003 1.085 1.4
{21) (2¢2)

ECLIPSE SEASON NO. 8 (NOTE 2)

MINIMUM  MAXIMUM  MEAN

1.1

1.108

1.095

1.096

Figure 52. Cell lot end-of-discharge voltage performance on life test

CALC.
FLOODED

CAP

LOT 0.  (Ah dm’?)

hH

3.50
5.30

3.50
5.29

3.50
5.27

3.51
5.3

FINAL

NET STEADY-STATE
ELECTROLYTE  OVERCHARGE
WEIGHT PRESSURE
{9) (psia)

164.5 22

179.0 30

161.3 3

162.5 59

NUMBER OF
ELECTROLYTE
ADJUSTMENTS

REQUIRED -

1

2-3

CAPACITY CAPACITY CAPACITY
AT AT TRW AFTER 30 CYCLE
SUPPLIER 3RD CYCLE BURN-IN
(Ahto1¥) (Ahtol1.1V) (An to).1V)
58.5 63.8 63.1
58.1 62.3 58.7
57.1 59.5 60.2
54.1 59.6 56.7

Figure 53. Cell manufacturing and test data by lot numbers
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APPROACH OF PULSE CHARGING PROJECT

I. Half-Cell Studies
1I. Theoretical Investigation

I1I. Battery Testing

Figure 58

BASIC ASPECTS OF BATTERY CHARGING

I. Mass Transfer
I1. Electrode Kinetics

II1. Structure of Electrodes

Figure 59
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END OF CHARGE VOLTAGE - VOLTS

END OF DISCHARGE YOLTAGE - VOLTS

T T T T T
CELL END OF CHARGE VOLTAGE

148
L]
=
. e® n
n a
x L]
;o
L I
144 }-
1424
GULTON 6 Alw Ni Cd Cell
140 - 25°% DOD 20°C lc 163 AMPS
SAN MARCO CELL TES®
PACK 6M NAD CRANE
o 377 CYCLES
x 2 11 CYCLES
JI
A Il i 1 1 L
13 14 15 16 17 18
KOH AMOUNT (CC)
Figure 62
T T T T - T
o9 o AVG VOLTAGE o RO _

8

-
o

x

~

. 333 CYCLES

L
=
L
CULTON 6 Ah No Cd CFLL
" 200D 20C v 1416
SAN MARCO CELL TEST
PACK 6M NAD CRANE 45051 CYCLES
L % 3076 CYCLES
0 333 CYCLES
| 1 1 1 i 1
1 14 T 16 Y 18

KOH AMOUNT (CC)

Figure 63

CELL VOLIAGE VOLTS

06

a5

B CHARGE CURRENT LIMIT 3 AMPS h
VYOLTAGE LIMIT 14]7 PER CELL
> CYCLE TIME 90 MINUTES K
A 1 L 1 1 A
) 2 3 [ 5 6 7

]

cs8
(173CC

(136 130y

i 1 i
SR

[(ARL] (180

c2
{138CC)

CYCLE PARAMETERS
TEMPERATURE 20°C
DEPTH OF DISCHARGE  25°%

o T- T - — T
CELL CAPACITY TO 078 VOLTS AFTER | YR OF TEST
8o} 4
70}
» 60} i
x
2
Q
X
W
;“0 army (YaLls
3 OAFHER L OHM & U 10 CHARGE
N R FOR 24 HRS
>
£ aof
O
-«
(Y
<
o
5 30}
] GULTON 6 Al Ne(a CELL
25% DOD 20¢ v, 1416
20} SAN MARCO CELL 1§51
PACK 6M  NAD CRANE
[IH 1
o A'A i 1 1 1 i
13 14 15 16 17 18
KOH AMOUNT (CC)
Figure 64
T T T T T L T
GULTON 6 Ah NICKEL CADMIUM CELL
= VOLTAGE AMD CAPACITY CHIMRAC TERISTICS 4
AFTER 5051 CYCLES
DISCHARGE RATE 30 AMPERES
TEMPERATURE  20°C -4

CAPACITY MMPERE HOURS

Figure 65



CELL VOLTAGE - VOLTS

18 pucmeea T

™ T Y T | 2 I
GULTON 6 Ah NICKEL CABMIUM CELLS
VOLTAGE AND CAPAEITY CHARACTERISTICS
AFTER 1 OHM FOR 16 HOURS
CHARGE - 0.6 AMPERES FOR 24 HOURS
DISCHARGE RATE - 30 AMPERES
TEMPERATURE - 2¢°

14

13

c8
(17.3CC)

12}
c-2 /
11 (138CC)
10}
09
CYCLE PARAMETERS:
08

TEMPERATURE - 20°C
DEPTH OF DISCHARGE - 28%

07 L CHARGE CURRENT LIMIT - 30 AMPS +
' VOLTAGE LIMIT - 1417
CYCLE TIME - 90 MINUTES

06 |- -
05 —
<
T i [} 1 1 1 1
0 1 2 a 4 5 6 7
CAPACITY AMPERE-HOURS
Figure 66
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