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PROCEEDINGS 

INTRODUCTION & KEYNOTE ADDRESS 

FORD: I would like to take this opportunity to extend a hearty welcome 
to al l  of you to Goddard Space Flight Center. A lot of 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. 

A s  in the past, we have kicked off the workshop with a keynote speaker 
and in view of the current NASA impetus on standard spacecraft, s tudard 
systems, and standard componente, 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 tho 
space program. He wae 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 ae project manager of the highly 
successful OLIO program. Subsequently, he directed a number of study programs 
at Goddard which has formed the baais of the standard spacecraft concept, so 
it ie 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 ue 
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 addrese and Floyd had asked 8 

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 pereonal interest in ni-cad batteries that extends back to the 
early eixties where in the Orbiting Geophysical Observatory MQ sleo were at- 
tempting to use silver c t k d m i ~  batteries and after that eqmsure, have certainly I 

come to 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 se I became project manager for the succeeding OGO1s, you can 



imagins 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 o r  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, so 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. 

A s  moat 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 +ha future. 

First, we are serious about standardization. Over 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 cmtinue that. We don't have the money to put 
into the mn-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 inside of that spacecraft, like 
transponders and compute~s or  even batteries, 

Now, the spacecraft that is sort of the cornerstone of this new venture 
is the so-called wmulti-mission spmecraftw . It is a few weeks away from final 
approval. It will handle almost all of the so-called "large spacecraft mission 
modelw that NASA has involving over 40 flights, It is modularized at the sub- 
system level, controle module, communicaUons and data handling module, powetr 
system module, and finally a propulsion module and thls allows a lot of things. 
Two of the moat unique features, of course, are the sbllity to eervioe in orbit 
by removing degraded modules and errbstitutfng new modules and finally, it 



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 wili be coming out with an R F P  in January for those subeystem mod- 
ules. The power subsystem is capable of around 1 kilowatt orbital average 
power up to 3 kilowatts peak. It can have from one -- i t  hae 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. A t  
the time of cmtract 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 w e  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 ycru all coming to Goddrcrd every year, 
I wfll try to answer a few question8 at this point related to the future if you hare 
any, or  if not, perhaps we can set up some time for me to come back later. 

Yea ? 

SPEAKER: Will the power system inolude the solar arrays? 

PURCELL: The solar arrays will not be part of the power subsystem. 
Tbey are considered mission unique. Some missions have two arrays. Some 
have one array. Some are fixed. Some are driven. We don't consider those 
aa a standard item, althorn we am looking at the development 2f standard 
panels which could then be configured into whatever size array a mission would 
wed. 

FORD: Please identify youreelves by name and company affiliation. 



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 basicall*? settled on 
the unregulated buss of 28 plus or minw 7 volts for the large spacecraft ais- 
sion model. 

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

FORD: Okay. Thank you, Joe. 

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

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

A s  you know, there are two phases. The first phase involves the docu- 
mentation phase which requires the produc",on of an MC D, Manufacturing 
Control Document, from each cell manufacturer. The Manufacturing Control 
Document will be a complete document detailing all p m e s s e s ,  stepwide pro- 
cedures the manufacturer utilizes from the plate manufacturing through the 
end of cell delivery. It will, as we view it, include all &A and QC documentation, 
all drawings/document numbers, revision numbers, and all of those documents 
dealing with the manufacture of a d l .  

We have aeaured the cell vendor that this will not give license to anyone 
other than the authorizctd government official to go in and look at their plate 
making operation. They are entitled to a proprietary operation and obviowly, 
plate making is one of those operations. We are going ta assure through this 
contract that the documentation does exist, that measurements are being made, 
and thst the cell manufacturer ie living up to his requirements under the con- 
tract for standard cells. The documentation will be maintained for a minimum 



period of five years so that hr, can then reproduce the cell to the same docu- 
r.lentation over that pr iod.  

(Slide 1) 

A s  you see, we have awarded at this time four contracts with the vendors 
shown. They are in the process of producing the MCDts. We have received at 
this moment four advanced copies. Actually, I have received three, one, I 
understand is here at Goddad 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. TWI 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 updated to encompass all of the requirements. 

(Elide 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 standad cells in the following manner; 
we are going to build 40 sealed night quality standards from which we will select 
22 for our first standard battery. The remainder of the cells as shown under 
A, i3, 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 specific8 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 o r  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, o r  start work, on January 1st. We assume 
that we wlll have the cells in house at nine months after the award. Now, the 
key thbg abou? this operation ie that we hope to be able to select lhose 28 cells 
from the cell manufacturer's data, not wait awl do a cell selection at the stand- 
ard battery vendor's facility as we have done in the past with primes who 
selected batteries based on their own testing. This ie an anticipbtion of trying 
to reduce coeta by eliminating tbe major met  item, namely, all the eilditional 
telrting and, o r  course, to reduce the wear out on the cells. 



Following this will be, as Joe Pu~cell  mentiomxi, the Standard Battery 
Program. These available standard cells fitting into that envelope wi l l  be fitted 
into a S t d a r d  Battery design which wi l l  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 a n q d y  have 
any question with regard to the present situation, the staudard 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 20? 

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 o r  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 o r  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. Al l  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 
i s  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 



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. 

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. 

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 mmufacturers, 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. A l l  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 manufacturerls data. Does that answer 
your question? 

KRAUSE: It answers the question. It d a s n l 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 manufacturerls 
testing ability whether he can test in a uniform way so thet 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 &king 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 +>%re, 
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 teat of whether or not you have an adequate MCD is 
whether someone else can take the set  of drawings that you think describes 



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 cadmium 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 i t  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, 
al l  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 tcr be 
concerned about that and if they haven't met the impregnation level, rn are 
going to be concerned about that, and these are going to be documented. These 
tolerances will be documented. 

HE LLFRITZSCH: 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 test6 and they are fortu- 
nately not under the standard cell prqgram. They are part of the follow-on 
program with the standard battery. There will be a eeries of test that Crane 
has done before which we will include. Characterization tests, accelerated 
tests, chemical analysis and life tests. 



HALPERT: At this point we will begin the first of the regularly scheduled 
sessions. This session i s  on separators. 

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

LIM: I 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 N-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: First  I would like to talk about possible pathways of nylon degrad- 
ation in ni-cad batteries. These are three possible ways. One is hydrolysis 
followed by further oxidation, electrochemically o r  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 
vm 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) 



I A .M: This Vugraph shows the weight decrease a8 function of reaction 
ti ne, L'his is heterogenqous reaction. The theoretical rate equation is not 
w a i l  1:11e at this moment. However, it is important to  know the rate constant 
>it difkrent temperatures in order  to  extrapolate the rate data to  the battery 
op.ra!ing temperstures which is olose to room temperature. 

(Slide 5) 

1 We plotted 2/3 power of the weight decrease against the reaction 
time a id this plot empirically gave us straight lines and we took the slope of 
the s t i4gh t  line as the relative weight constant at different temperatures in 
ctrder 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 line and we took the 
slol be as relative weight constants at different temperatures. 

(Slide 7) 

LIM: Thib activation energy plot by two different methods gave 19.7 
ki1oi:alories 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. .;d analysis shows the main hydrolysis products are  the 
six aminocaproctrl acids. However, the quantity of the six aminocaproate acids 
aulyzed 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. 

LIM: The mecl~anism 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 b a cyclic monomer of -:on 6. The reaction is by molecular 
reaction .ire& order and the concentration of the substrate first order and the 
conceutration of the hydroxial ion and given the overall nylon reaction of this, 
the ~.ylon reaction i s  nylon reacts with hydroxial ion to give 6 aminocaproate. 



(Slide 9) 1 
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 planning 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 mechanism, the probably mechanism of the oxidative hydrolysis, 

t 

the first mechanism is ~uggested 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 i s  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 j 



repeated, the glacycarbon electrode, no such oxidation wae observed, Micating 
that this oxidation of six aminocaproate might be catalyzed by nickel oxide. 

(Slide 12) 

LIM: In order to find out what the reaction prodwt of thie 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 aminooaproate 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 ndipate is partially oxidized 
to glutarate and succinate. 

(Slide 13) 

LIM: A s  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, Al l  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, 

LIM: The probably sequence of the electrochemical reaction of amino- 
caproate ion is this; aminocaproate is oxidized tc, 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 euccinate by 
chemical analysis and we are planning to study this reaction in further detail 
in future studies. 'fhe confirmation of this sequence of reactione 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 ob~erved the oxidation, the chemical oxidation of amino- 
caproate at 100 degrees, giving adipate and ammonia too. 

(Slide 15) 



LIM: This is the summary of the probably overall reaction of the nylon 
separator. Nylon separator can b degradated by hydrolysie and reaction to 
give aminocaproate ion and the aminocaproate ion is M h e r  oxidized electro- 
chemically to give adipate or by oxygen to give ammonia or  by oxygen, direct 
oxidation by owgen 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 ie further oxidized by euccessive oxidation probably 
to carbonate and ammonia might involve a so-called "nitrogen shuffle reactionl1 
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 
werall 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, aseuming 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 9-112 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 indicate8 , especially the reduction of the overcharge 
protection that 10 percent nylon degradation by this mechanism is fa ta l  to the 
battery life. 

(Slide 18) 
! 3 

LIM: I would like to come back to tl? meaning of the values of the acti- ! 
vatlon unergy w observed. Assuming that ie a hydrolysis pathway, a slow ! 
hydrolyefe, fast oxidation, neglecting the glass transition effect which is reported 4 

B ?i 



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 he degradating at a signifi- 
cant rate even on the shelf without being used. Thank you, 

HALPERT: Do you have any questions ? 

HENDEE: Hendee, ~e l e sa t /~anada .  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 i t  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. 



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 i s  
Telesatts 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 IV 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. Mauerts 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: So I 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 hae been about six or seven grams in the cells and it is approaching a 
limitation in the overcharge protection very much due to this. 

LIM: Thank you. 



HALPERT: Before we go on from here, I think we have several more 
papers on separators aad 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 materiala 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 bofore, 25 percent depth of dieoharge, 25 
degrees centigrade. The overcharge has to be kink of tailored for each type of 
material, but i t  i s  of the order of 110 percent and at every 2,000 cycloe wle 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 ccts 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 i s  hydroxide, carbonate, and wa. r, and anything 
else that might come up. The X axis shows the number of cycleb. 

HENNIGAN: We tried a Grace nylon this time and in this one we put I 
think it is 22 ccls af electrolyte. This seemed to stay faizly 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 tw 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 matmiale 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 tbe sep- 
arator. A couple of years ago I showed teats where we cycled about 10,000 
cycles and WB took a cell out before we reconditioned and after a& you could 
definitely see an increase by about a factor of two in the amount of ele~trolyta 
in the separator. 



HENNIGAN: One of the ones here that came out pretty g d  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 whhh was used on the ISIS satellite and it is a polypropylene. T don't 
know why i t  took this dip, but that is the data we got. The other GAF m a k r f d  
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 wae 
about 1 .O7 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 celle of this type 
to improve capacity and a l s ~  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 look8 like Grace nylon is doing fairly good and the 
polypropylems are coming down in voltage. 

HENNIGAN: We will continue these cells until about 6,000 cycles where 
we take them out a d  then discontinue the test, but I really feel that ttose 
polypropylene cells were really drying out on ue 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 analyeis 
itself, Don Lewis. Thank you very much. 

HALPERT: Any questions for Tom 3 

SULLIVAN: Ralph Sullivan, APL. Tom, are these etandard cells mode 
by GE or  -- 

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



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 3 

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 1088 of electrolyte 
retention ae a change in wetting and surface tension characteristics? 

HENNIGAN: Well, I really don't know. It ~leems to be a competition 
going in the cell for the plates and separator, but why it happtms I really donlt 
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 tbe 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, okay? We take them 
down to .75, each cell. 

HALPERT: End of charge. 

HENNIGAN: Oh, I am sorry. A s  I remember, they etayed fairly constant, 
1.45 and 1.42. 



HALPERT: Thank you, Tom. 

HENNIGAN: Okay. 

HALPERT: Our next s p a k e r ,  Pat McDermott, Coppin State College, 
is going to speak on oome 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 Goddm~.  

MCDERMOTT: I was looking at some of the test results that have come 
fro-. Crane and some other data to t ry 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 o r  so occasions where we tend to find more nadmium migra- 
tion and less cadmium migration. Cadmium migration, of course, :J difficult 
to define precisely, but it would be just the movement of active material out of 
the negative, either redepositing on the surfwe of the plate o r  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 ?!are. 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 t h r o ~ q h  the separator. 

(Slide 23) 

MCDERMOTT: Now, I indicate here a random storage mode test versus 
shorted o r  trickle charge test. This waa done also out at Crane and the results 
shown that the random storage which included various charge and discharge 
regimes coupled with a l o w  open circuit discharge, the cadmium migration was 
much larger here than with either the shorted o r  the trickle charged cells. 

In other tests the polypropylene separator versus the nylon separator, 
the polypropylene picked up a lot of cadmhm 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. 



(Slide 24) 

MCDERMOTT: The next, dry separator versus wet. This is 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 aad I am 
not sure what the cause and effect here is. In other mrds, this heavy cadmium 
migration dry out the separator o r  does the dry separator cause more migration? 

The last onc %ere, heavily loaded negative versus lightly loaded. Here 
again it is a qdicative 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 s41?'ans of high alkaline concentration. 
Other posuible ions are carbonate cadmium complexes. 

Then, two mechanisms for transporcmg 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 wow 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. 



(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, s o  i t  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 cadmia+-, ion in the 
tetrahydroxicadmiate ion and these would predominate with tne 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 percent 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 baok 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 i s  not in an operating cell. This wouldn't be hard and fast because you would 
have blockage of pores and so forth, but there i s  a notable migration of elec- 
trolyte in and out of that negative. 



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 ass lme ,  is again in the 
cadmiate ionic iorm 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 o r  
less  saturated solutions we will grow large crystals and let us look at here the 
factors which would indicate more o r  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 a s  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 w e r  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 
g r ~ w t h  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 o r  convection and after 



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 sohtion 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 shc-us 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 large crystals on the nega- 
tive surface. The reason for this, again, is that dissolu!ion-precipitation ye- 
actioa. 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. 



MCDENMOTT: 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 i t  there but it is minimum at that point. You have some cadmiate 
ions r ia  self discharge but again you are working against the continual charging 
procesis. There i s  no or little convection in terms of the charge-discharge 
reaction, although you have a continuous agitrrt'r :I 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 electroferesie. 

MCUERMOTT: These are just some -- working m some basic hypotheses 
about the growth and retardation of crystal growth. I tbink we can begin to ex- 
plain same 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: I 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 a .  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, so 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 
%ah 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. 
A s  it is drying out, the cadmiate ion hm 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 polnt, yes. 



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 o r  were they pretty much the same ? 

HENNIGAN: I think in the first test they were flooded and then i t  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 ccts, 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 'lh.e 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, mems 
to be the opposite of what you have been observing. We have found that in our 
hw-earth orbit o r  accelerated life test that the growth of large crystals was 
almost never obeerved at the high charge and diecharge rates. Ae we think 



would be expected, i t  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, e v e ~ y  cell we pull apart that has high cadmium migration 
has a dry separator. 

MCDERMOTT: Has a what? 

KRAUSE: H a s  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, e t  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 part. of your study? 

MCDERMOTT: I didntt 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 19 

to this migration of the cadmiate ion, but certainly in te5:ms of convection it 
would cut it down. Yes, Tom? 

HENNIGAN: I think you showed the result of teflonation some years ago. 
I dontt remember the numbers on it, but it considerably reduced the cadmium 
migration. 



MCDERMOTT: What might also be occurring there is that whether the J 
cadmium migrates off the plate, the separator can get imbedded into the surface ! 

I 
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 

I 

deposit that is on the plate surface itself. 

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

FORD: Yes, I would like 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, a l l  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 i s  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 comparing. 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 a-re 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 c tmmon denominator, we are 
going to continue to piecemeal these problems to death. 

how, it  i s  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 i t  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. 



MILLER: The application of a thin teflon bsrrier to the negative or cad- 
mium electrode in the nlckel-oadmium 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 s d a c e  of the negative electrode wae believed to offer the advantage 
of reducing or eliminating cadmium migration which ia 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. 

Approximately three years ago Eagle Picher initiated a study to evaluate 
di£ferent teflonated negative electrode designs. We canaidered 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 result8 of this s a y .  

May I have my first Vugraph, please? 

(Slide 29) 

MILLER: Basically, we looked at three different teflonated negative 
elecbde desigm. The first one I will refer to as the slvrg process in which 
the negative electrode was just simply dipped into a A r r y  of teflon in a suitable 
solvent and we tried rolling it on and um 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 f ~r the cell to function properly 
and we c&% really apply it by that method then en- to achieve the desimd 
results. 

MILLER: Next WB looked at the spray process. This was considerably 
bethr and we did ~t some results, good results. However, it was difficult for 
us to reproduce. It seems lib 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 thiR 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 laet proceos, we had an idea that poseibly um could just 
find a film, a negative, a teflon, that could just be lrpplied around the electrode 
just lib a separator material. Thie resulted in an inveetigaticm of a large 
number of candidate materials which was really one of the problem with that 



process. However, with each investigation, we seemed to get data which in- 
dicated t b  direction to be taken and finally, working with a vendor of thin 
teaon material, I think we came up with a particular material which we buy to 
our specifications and the spec. calls these parameters thickness, demity, 
porosity, and gas permeability. We had experienced some ratber satisfactory 
results with this. Could I have the mxt VugMph, please? 

(Slide 30) 

MILLER: I think we have got thorn in the wrong order, Dale. Let ue 
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 cella. This was pretty much our 
standard design and used Pellon 2505 non-wen nylon separator materid. 
They were tested at the normal temperatures, 75 degrees fahrenheit, 32 a d  
100 degrees fahrenheit. 

A s  you can see, the voltages were really out of line. At the 75 degrees, 
the voltages I think are mayhe just slightly higher than a nickel-cadmium cell 
without the film in it. We w e r e  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. 

A t  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. A t  the high tempeFature w really thought 
the pressure would climb at this temperature, but again the cells operated at 
very satisfactory voltage and again for the moet part stayed in a vacuum. 

Let me have the nut Vugraph, please. 

(Slide 31) 

MILLER: We then took the two 50 ampere-hour cells aad put tbem on a 
simula? mar-earth orbit cycle and accumulated a total of approximately 
3,000 cycles. The testing went on beyomi the cycle that is reported there to 
about 3,000 cycles. The voltage, I think, was still eatisfactory and the cella 
stayed in a very deep vacuum. I think the performance was very satisfactory. 



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, deep 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 cycle 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 J t e r  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 tsflon film. A s  I stated, 
it just simply wrapped around the electrode just like a piece of separator 
material. The teflon hae the physical characteristics that it bonds itself to- 
gether and you can form the sealed edge all of the way around the electrode 



where i t  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 ~xposed 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 tho film down 
leaving 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  h ~ s  a simple application during cell fabrica- 
tion. It i s  a commercially procured material 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 to assure that we get the product which we have developed. 
I 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, o r  gassing, would not effect this interface. 

The teflon film really has a strength in its own rigbt and serves arjl an 
additional separator material. The material 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 w e  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 i s  the thicknes~ of tbe teflon 
film ? 



M'iLLER: 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 ihat we could see between 
this and just t1.2 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 o r  the cell  
has to be made that much wider. The e lec t ro lm 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. I s  there any process used 
to make the film wettable o r  i s  it already fairly wettable? 

MILLER: No, there is no proceus used to make it wettable. 

ROGERS: Is  it  already wettable ? 

MILLER: No. 

HILL: Freeman Hill, Westinghouse. Who makes i t ?  

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

HILL: You said it is commercially available. 

MILLER: Right. 

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

MILLER: The thickness and the density, the porosity, and the gas 
permeability. 



HELLFRITZSCH: Yes, but what are ths 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 more electrolyte in the cell uvd 
get the same acceptable, quote, llacceptable", unquote for thoss parameters? 

MILLER: Yes, there is indication tbzt 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. 

CROSS: Sid Gross, Boeing. When teflon i s  used in fuel cell electrodes 
to maintain a three-phase interface, one of the problems is over a lorq 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 eignifi- 
cant change in performance. 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 film wettable. As a matter of fact, we tried teflon 
films that were intentionslly 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 changes, due to the longterm operation, that there could be a 
problem. 

MILLER: That is possible, yes. 

FORT): Ford, Goddard. Did you say you used nylon in theae 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 yow company affiliation clearly because the only way you 
can hear is thro- those microphones up there. We don't have anybody listen- 
ing for your names, so pleaw: fippik clearly so we can identify you for the 
records. 



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 d i s h  :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 potassmn 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 a re  
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 + 2H20 plus cadmium going to 2NiOH taken twice, plus 
CdOH taken twice and the potential, the open circuit potential, equilibrium 
potential, 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 solutions. 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 ( 3 )  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 a s  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 w 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) 



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 (1) 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 
i s  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 forin. 

(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 
somc 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 sillivolts. 

(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 a s  before but i t  was 
necessary to determine the activity oi 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 has 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 o r  directly in terms of this 
equation. 

(Slide 40) 



MAY: The results of these calculations for the open cell potential for 
the whole cell is given here. You w i l l  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 calculah the activities of the hydroxide ions, w e  
must h o w  the mean activity coefficient. The mean activity coefficient of the 
hydroxide ion is influenced by the presence of the carbonate. Kamio Mashia ( 3 )  
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 carboxiate. 

This constant alpha is a function of the temperature as wel l  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. A s  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 neghtive electrode. Note +hat from zero to roughly 
four percent we have a very large decrease in the potential at the higher KOH 
cbncentrations. 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, 
where@ 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 k 

small amount of carbonate, is to lower the potential and as you increase the 
carbonate the potential increases even going higher than the potential whsre 
there is no carbonate present. 



(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 haif cell, the nickel carbonate hall cell of 
course is the positive a d  its potential would be a function of the activity of the 
carbonate. 

Likewise, the r admium 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 ap 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 pzesent time how this potential 
would vary with the carbonate concentration. 

The find 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 conetant 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 



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 i t  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 mixeci 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 a s  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 depnds  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 a t  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 bo a soluble 
species with its own activity. 

HALPERT: Any other questions o r  comments? Okay, our next speaker 
is Stan Krause of Hughes who is going to speak on new reference electrode 
technology and technique. 



KR.4USE: I am going to open my presentation by making some excuses. 
I wasn't supposed to be giving this presentation. Dr. Schoenfeld (3) 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 electr0deb %re behaving 
and our primary objective is to try lo 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, o r  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 
,?lay 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 a t  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 khich is actually attached to water displacement apparatus for measuring 
the volume 



(Slide 46). 

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

I 

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 tho 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: I 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 dott.,d line on the negative was kind of interesting. The voltage on the nega- 
tive, the polarization changed kind of drastically right at the point just after 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 lwk- 
ing at tbe 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. A s  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 ~recharge and under- 
st& what it meam 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. 



HALPERT: Any questions for Stan? 

SULLIVAN: Sullivan, APL. L 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 wa 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 i s  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 o r  is  there internal documentation of this that you would disseminate 
to other laboratories if you wanted to follow this experimental approach? 



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 
dimple. It is pretty much standard reference electrode technique. There i s  
nothing very exotic in it. 

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

KRAUSE: Well, let us talk about it. 

HALPERT: There i s  a question over there on the far  side. 

SPEAKER: Is it  possible your dips in you reference readings a re  caused 
by gas reactions on your platinum wire? Yod 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 i s  in contact with the 
separator. 

However, we think this i s  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 i s  real. 

SPEAKER: If i t  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 i s  a possibility. 



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. ''/e resealed i t  at the star t  of the discharge. The 
cell was sealed, and we were measuring gas volume. 

FORD: Okay. 

KRAUSE: So we are not sure really what it is. 

FORD: Yes, but when you reversed this you started getting gas but you 
had 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 ~ub jec t  of analysis, there were a 
couple of questions from Dr. Cheh of Columbia for Pat McDermott. 

CHEH: I have two que~t ions  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 a t  a given level of KOH concentration 
then you see a maximum of electrode potential from zero to four percent on 
K2CO3. Then it comes back down, essentially, towards 40 percent and then the 
other interesting feature is that -- or  the same thing apparently i s  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? 



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 ey ineers  and read my old 
electrical engineering text of 50 years ..r . uld in fact they do consider systems 
like this as batteries in parallel. 

CHEH: I 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? A l l  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 sfter- 
noon. I guess the session, when I thought of this session on cell manufacturing 
one of my favorite commercials on k 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 wo are today with cell manufacturing. We have come a lo i i  way. We 
have just begun to scratch the surface, and I think, and I am very optimietic 



that the next five years are going to be double 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 stlll on the 
uphill pull, so we are going to talk about cell manufacturing. I think we have 
about five different discwsions along those lines. 

The first one i s  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-cadsv by Dr. Scott of TRW. Following that will be "Nickel- 
cadmium Manufacturing Problems in QCtl by Sid Gross of Boeing and then the 
laet one will be a paper on ''Effects of Pulse Charging1'. Stan? 

KRAUSE: I want to talk about some of the results we have been getting 
with teflonated negatives on an intelaally 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 heve got a test which i s  on-going at the moment which we run 46 day 
eclipse seasons on a real time bssis similar to synchronous orbit load profile. 
At about 20 degrees centigrade the maximum depth of discharge 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 is sort 
of a quasi-synchrcmoua test. There are no storage periods and that is obviously 
going to effect the r e e d  of the test to some extent. 



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 bc:ter separator wetting h e r e  might be some reduction of voltage 
fading.over the long term although this necessarily has not been demonutrated. 

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 i s  
obvious that the negative was running much drier  and that teflon was acting a s  
a membrane o r  water barr ier ,  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  I 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. 

KRATJSE: The third item that we think resulted form the test was that 
we found that the cadmium migration was virtually negligible, at least 3t this 
stage. It will be interesting to see how it is done after 10 of these simulated 
eclipse seasons. 

The other thing that w'w kjnd of interesting that I am not sure I really 
believe was that the discharge voltage at the end of d i~charge  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 i t  warr 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 elide o r  one of the first, said that there 
was some k'nd of reconditioning o r  conditioning between eclipse seasons, What 
did that consist of? 



KRAUSE: Yea, right. That consists of a ~ / 2  discharge down to ahout 
1.15 volts. We purposely reconditioned these similar to the way it  i s  typically 
done in orbit a s  opposed to thc way some people dc lab tests. Tha., 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 &r 
cell at ~ / 2  and then we recharge it for 24 hours at ~/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 i s  usually put in? 

KRAUSE: Tomy knowledge, yes. 

SEIGER: Thank you. I have one other question. Since you put the s a n e  
amount of electrolyte 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 l 

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 e-wect. 

SEIGER: Thickening o i  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 tiie beginning? Did you nna- 
lyze those sample cells1 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 there was really 
LO difference. 

HALPERT: No difference in the amount of eleotrolytc in them? 



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 dlowed 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: I 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 u r s ,  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 Electric. 

MCDERMOTT: McDermott, Coppin State College. Did you do any pornsit. 
measurements before or after o r  do you think this is important? How would you 
try to explain why this electrolyte goes down after cycling? 

KHAUSE: 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 didn'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 ie 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. 



SEIGER: If I understand that correctly you are saying that you have a 
cell similar to this without tbe 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: Tbat 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 i n  different spirals. Dr. Scott? 

SCOTT: Would sameone 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 tk 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 s t i l  in progress and it wil l  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 A i r  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 ?ellon 2505 nylon separator materi J. 

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 om 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, pleaee ? 
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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 i s  for the highest voltage cell, highest voltage 
at the end of discharge. The curve just below it i s  for the lowest voltage cell 
in that battery during the first eclipse season of the life test. Now, i s  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 a re  relatively 
flat and don't show too much going on. The two lower curves, this i s  the uurrent. 
These batteries are discharging under a constant power load s o  that a s  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. 
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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 
wound 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. 



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 cellsu 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. 
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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. Fcr eclipse season one, eclipse season five, and eclipse season No. 8, 
which is about the last one for which the data was availab1.e 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 
shorn md the apread 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 n 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 33, 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 



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 l ~ t  10 and not too far different mom the other lots in the battery. 

So the big difference before reconditioning was of some concern and so 
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 wi l l  show the 
results of that. 
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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 colunn 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 twr, 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. 

Thexi 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 =re not anything alarming. That is, this differential on lot 11 was actually 
less than the differential on lot 8B. 



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 obt* 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 ue haven't 
looked at such as the porosity of the center and other similar properties. How- 
ever, right now, our capability of doing this i s  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 timc 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. 

I should say that this material, these four lots, as well as a l l  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 i s  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 i s  high quality plate material as f a r  as that period of time 
was concerned, so we would like to do a lot more wtth 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. 



SCOTT: 30th cycle of the 30 cycle test  itself? 

HELLER: Yes. 

SCOTT: Yes, we do have all of that data. I have not looked a t  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 cr i ter ia  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 i s  I think that i s  a very significant parameter for 
cell selection in battery manufacture. 

SCOTT: Good point. 

DEBAYLQ: Paul DeRaylo, 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 a re  done a t  room arn- 
bient using a ~ / 1 0  charge rate,  usually for periods of 48 to 72 hours. 

J im ? 

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

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

DUNLOP: All these cells in all  these lots a r e  negative limited? 

SCOTT: The life tes ts  to date involving cells from all of the lots that 
we ended up putting into batteries a r e  111 negative limited at this point in time, 
including said batteries made with ny..un and those with polypropylene. 

DUNLO? 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? 



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 
o r  not you can continue with this, whether it is really negative limited o r  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 3 

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 i s  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? 

RAM?EL: 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 i s  higher on that spiral than it i s  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 a s  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 
o r  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 



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. I 
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 should be looking at and I 
don't know very many people who are looking at that particular parameter. 

FORD: Ford from Wdard .  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 5 a l  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 d b e r  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? 



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 o r  something that was arranged for this particular contract, and 
then, of course, if the pressures are  too high, then some electrolyte i s  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 i s  a first 
48 hour charge, exceeded 80 pounds, but interestingly enough, more cells in one 
of the other lots of those four lots also exceeded 80 pounds than for lot 11, yet 
when they were adjusted they seemed to be performing better, but when this lot 
was ~djusted,  the pressures did not come down very far. They just came down 
far enough to pass the acceptance criteria. 

SEIGER: And you have 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. 

DIJNLOP: 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 o r  practically no overcharge protection of these cells at the beginning 
of life, but interestingly enough, with no overcharge protection o r  practically 
none at all at the beginning of life you can still pass almost every acceptance 
test most battery manufacturers put on it, so our contention from this has been 
since that time that ~traightforward electrical measurements are  not the full 
answer to the acceptance of batteries and since that time we now do an analysis 
on every, at lea& 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. 



Since that time, by the way, we only really have run into one lot which 
i t  was mutually agreed on to not fly because of some qwstion 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 managel* 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. I agree with Jim. You can 
build cells and they will pass all young tests with high precharge. I d s o  know 
that in addition to too much electrolyte giving you a high pressure, it could 
also be a very low precharge in those particulnr 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 i s  the relationship on those cells. 

WADHAM: Wadharn, ~ e l e s a t / ~ a n a d a .  I would like to support J im 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 iuck 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 
after whatever it is ,  four years?  After four years +hey are showing extremely 
high voltages, so I would agree. 

SCOTT: I might have one response to tnat and that is relative to the 
particular problem during the testing, during i;he 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 bypassing on all cells which control the cell 
voltage and keep it  from going too high. 

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

DUNLOP: Well, the answer to the question i s  no, we do not. It i s  ao- 
ceptance by -- as from the hattery manufacturer. The question i s  not so  much 
acceptance from the battery manufacturer. The question i s  whether we are 
going to accept them for flying in a spacecraft. What we do use them for i s  



acceptance for flying in the spacecraft. There a re  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 a s  
back up, a spare, o r  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. On6 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 pre~ented  tomorrow, I happen to know that some of the 
papers are going to discuss o r  touch on this subject of electrolyte management, 
precharge, and the effects of it with life tests and setting up the agenda for this 
type of program is vory 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 leakage detection 
and the work was carried on at Boeing by Larry Eckhardt (7) and myself. The 
customary method for detecting leakage i s  with phenolphthalein and it is  a very 
good system. It has some drawbacks, however. Its sensitivity i s  not as  high 
as we would like. It is qualitative rather than quantitative, and (rince the detection 
depends on the OH ion concentration, this changes in atmosyhe: e due to the 
reaction with carbonate, with carbon dioxide from the air. 

We had a number of occasions when we thought we had some leaky cells, 
but these cells all passed the phenolphthalein leak test so  we tried to develop 
a more sensitive method to do this. 



The approach that we settled on wss to rather Ohan detect the OH ion we 
would detect the potassium ion which is also available on leakage and rn ueed 
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- 
niqu 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 t h i ~  turture with a plastic vial 
which went over the terminals and it  war^ placed over the terminals beforehand 
and filled about 2/3 N 1  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 a180 ran tests with phenolphthalein for a comparison. Tbe results of 
a variety of tests are shown. on this chart. 
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GROSS: We pulled out a number of cells from tiventory, some of which 
we thought were leaking and some which we weren't s u e  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 tbo 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 phsnolphthalgin t e ~ t  mowed that they were not leak- 
ing ;ind 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 ehowd 
to be a no leaker and probably was not also. 

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

SC Hr-JLMAN: 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 i£ the ve ry tiny residuals that you couldn't clean 
off wae what yau were detecting? 



GROSS: A cell cover 3 

SCHULMAN: Yes. 

GROSS: We did not do that. 

SCHULMAN: Did you try creusol red? 

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 wbi A 

we knew lesked 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 interest in 
this type of testing for mercury watch batteries for heart pacers, that type of 
thing, as well as wPtches as a quality control method, and I don't know if the 
results were as clean and as well showed what your test did show. They had 
a lot more scatter and that type of tLng which of course, were not truly her- 
metically sealed. 

END OF SESSION 



AFTERNOON SESSION 

FORD: Okay. we are going to stray a w y  from mwmfacturing process 
and variables briefly to hear a presentation by Professor Cheh with Columbia 
University. The title i s  "Effects of Pulse Charging." 

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

Since pulse charging of secondary cells is a relatively new subject and 
we have o d y  gotten into this area, really, on a part-time basis about a year 
ago, r;ly presentation will, therefore, begin with a short description of the gen- 
e r d  background of pulse charging. This rill 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 o r  so. However, in a related area, namely electro- 
deposition o r  electroplating, the application of pulse o r  periodic reversed 
currents have been studind 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. 
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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 :he terminology from 
electrodepoaition. The currents are still square in shape but the off period of 
the pulse now is  replaced by a discharge current. 

Since m y  charging method other than the straightforward easy method 
i s  ~ ~ I v e s  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. 
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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 o r  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 var iou  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. 
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CHEH: First,  we carry out a systemmatic investigation on the effect of 
pulsing by using half cells involving relatively ideal film electrodes. Concur - 
rent with. 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 i s  being done about that. 
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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 i s  reinforced 



during the off cycle of the pdse .  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 potekial. That i s  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) 

C HEH: The next Vugraph shows you n typical example of the reduction 
of concentration over potential based on a theoretical model which we have set 
up. Shown here on the abcissa i s  a ratio of the concentration over potential 
and the pulsed condition versus that under DC conditions, so  it i s  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, a s  the pulse current increases, there is a general trend of decreas- 
ing concentration over potential, but this i s  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 i s  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 i s  
29 percent. At the same time at a duty cycle of .8 it is roughly 11 percent. 
Okay ? The saving is about 11 percent. 



SPEAKER: Power o r  energy? 

CHEH: Power. Okay. 

CHEH: Electrokinetics can also b3 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 ~ n d  discharging of the electrical double 
layer. For battery electrodes which are typically porous aad have large surface 
areas, the capacity effect can be rather significant. That is  item one here. 
Unfortunately, there is little quantitat:.vo information of this particular aspect. 

Also, electrochemical kinetic6 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 effezt of this particular effect which includes the 
transport and kinetic consider~xions. It is  very likely that this can also have 
an effect in the overall chargiag process effecting the efficiency of charging. 

There i s  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 somewhat beyond our field of competence. Meanwhile, it i s  our 
feeling that this aspet:t 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 tendency of reduction of dendritic formation of zinc by pulse 
charging. A t  the same time the crystalline size has been reported 'le drasti- 
cally -- of the active material has been reported to be drastically J ced in 
nickel-cadmium batteries by pulse charging and there are a number b. d h e r  
comparable b l s  which were made in the literature. Consequently, a basic 
understanding . ~ f  the effect of pulse charging of secondary cells must inclde 
in our view, siructural conqiderations. 

CHEI:: Now I would like to briefly describe experimental results which 
were o b t d  in our laboratory and our future plans for the project which is 
supportcA 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 coditions we have studied, a straightforward pulse charging has relatively 
littJii effect on the charge accepboe. On the other hand, the charge acceptance 
can be iacreased rather drastically by period reverse methods. 



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 e lec t~ode when you take it out from an active cell and you dry o r  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 cf a project which, a s  
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 i s  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? I would like a definition of pulse charge 
and when does it  go from a pulse to DC? Is  it a matter of minutes o r  is it 
minutes o r  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 a s  electronics get better and better they go to 
shorter and shorter times and apparently shorter cycle time gives more bene- 
ficial results, but a s  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 
conveniena , but if you go into the literature you find that there is a range that 
people look at pulses. 



BRIGGS: Mr. Dunlop was looking at that, I believe about eight o r  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, werent t you? 

DUNLOP: I did 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 i t  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 o r  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 o r  2 hertz, -- 

CHEH: Right. 

KUYKENDALL: -- that is 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, o r  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 o r  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 
to 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, s o  it would 
depend on the individual system. You have to evaluate what is the corrected 
mode ? What is the diffuaion 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, s o  that i s  i s  the com- 
bination of the two, okay, that when you have a range of .2, .3, that would become 



important. Above 1.5 it is like a X. It i s  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. 

C HEH: 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 a s  we11 --- 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 o r  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 Remarch 
Laboratory published in the Journal of tbe Electrochemical Society, oh, maybe 
15 years ago, I guess Steve Burba.uk would be one name and Wales and Simon. 

CHEH: Yes. 

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

CHEH: Yes. 



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 fc r spectr3graphic examination. 

CHEH: Yes. There are sdme -- we have some of that. For instance, 
people have ki1.1~ 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 m d  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 o r  different techniques, and the reproducability is frequently 
not mentioned and those sor t  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 kinportant thing, but yes, we have seen some of that work. 

GROSS: Gross, Boeing. It would appear to me that an important aspect 
that would be mrth 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 asymmejtric 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 fol 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. 



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 s o  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, o r  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 i s  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 i s  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 a s  specified. A s  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. 

A s  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 Goddad 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 



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 i s  the aeration uld electro- 
lyte levels as a function of end of charge voltage at two different pohts  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 i s  
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 dfstinctive 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 
b a ~ i s  o r  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, a s  far  a s  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 s h o ~ i n g  the spread in 
capacity versus by the function of the amount of electrolyte. Also shown i s  the 
capacity following the discharge cycle of one volt, one ohm, ~ / 1 0  and then 
another discharge at the cycling rate which in this case was 3 amps for a 6 
ampere-hour cell. 



You notice the significant increase in capacity of the low electrolyte ce lb  
versus the some increase 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 depicta 
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 ccls 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 liinit as identified 
here. 

(Slide 66) 

FORD: Following the one ohm, as I indicated previously, we recharged 
and discharged again a d  this is the subsequent voltage and discharge curves 
that w 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, so 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 tamorrow I think you are going to see a lot more of this, hut 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 r w o s ,  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 m 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. 



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 isntt 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 ccts  of electrolyte per ampere-hour, rated. You see 
right here on this when we are talking about 18 ccts 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 ccls of electrolyte per rated ampere-hour. Today what started 
to be elect1 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  aerospace 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 o r  30 ampere-hours of positive capacity in a 20 ampere- 
hour cell? I say you dontt, 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 cC 
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 I am no more blame- 
less than other users. You are going to hear me criticize users M a y  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 



more capacity, but in pressing for that capacity he has further restrained t.he 
weight you will allow him to deliver with and the volume to put i t  in, all this in 
absence of any real significant a+;mces 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  distribured. Do you do this before your - you know, we have had 
several thousands cycles done before you recondition and t k n  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 ls  per ampere-hou;, okay? You have to use something as a 
basis so I am using that fo;. discussion. In increasing the electrolyte we donlt 
see the collapsing of the capacity curve, but we still see the douhe plateau effect. 

SEIGER: About two years ago at this audience, I was talking about electro- 
lyte and ways of putting it in, where it i s  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 perccnt 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 depxded 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 a s  a rule. I am saying that is  
a relative comparison point. I am using that for saying plus o r  minus, minus 
being what I presented here, plus -,+,rsus what we did on some other programs. 

SEIGER: Could you please, then, car ry  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 thm the other. 

FORD: You are  talking about residual plate voltage? 

SEIGER: Yes, plus separator. 



FORD: J im? 

DUNLOP: Jim Dunloy from Comsat. I really h w e  about three comments. 
The first one is one of the things that I think we have talked about in the last i , :~  

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-earth 
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 arc trqing to use the same cell for the high rate, 
large number of cycle tests that they do for the long life sjiluicmous satellite 
teats and I thrnk that i s  one of the things that from my 2oint of vi. .. w has always been 
very confusing. 

I contend and I have for the iast four years here, that the nickel-cadmium 
battery that we us2 today in synchronous satellites was designed for low-t,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 wh%t 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 -anderstand whether you are trying to standardrze n 
bettery o r  whether you are trying to imprwe a battery. 

FORD: -We are  ::ying to 30 both, Jim. I would resist all pressure to 
standardize on the current cell that we are buying. 

DUNLOP: But that i s  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 
waF overlooked this morning, in the past we have never specified a **aximum 
capacity that a rated cell could deliver and therein i s  where we have gotten intci, 
I think, some different  problem^. T d a y  in the standard cell we are saying a 
standard 20 which is specified with an envelope that encoxnoasses the tolerance 
designed for the basic manufacturers cellti. We are  specifying, also, that that 
cell cannot deliver over 26 ampere-hours and therein i s  where wc haw gotten 
outselves seriously into problens. Where in the ;?orld we get the idez as 
engineers and battery users  that the higher the  pac city the better the cellti, 
it alludes me as how to we arrived at that conclusion. I would raAer  work with 
a cell that is 21 ampere-hours and pay for a 20 than where I am paying for n 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 
mcre cadmium in, you had better not. That isnlt going to get you anywhere. 
&hat you need i s  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 i s  lighter. 
You don't stuff i t  so f d  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, i t  is a grand idea but you have to  
have the increased volun: in order to hold it  and still have the void there for 
the electrolyte. You have &A to hme some empb space in there somewhere. 
I think the smaller the pore the deener i t  was. 

SPEAKER: Floyd, if  I understood you correctly a little while ago you said 
t5at previous to now NP SA had not specified the maximum capacity. The way I 
understand the 761 spec., tbe positive capacitiea are  in a range of 120 a ~ d  150 
percent of rated and the negative shall be 150 percznt 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. Lb& me qualify the statement. We have not stated a maximum 
capacity or! '.he f i  Ishc 4 cell. You are  referring to flight m y  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 i s  this: in reducing the loadkg of an electrode, 
you 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 a d  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 am! discharge. 

FORD: Well I had to point out the similarities between the data I ~howed 
here and some of the test results that have been shown with polypropylene 
separators, whewas the capacity degradation is very severe in a relatively 
~ h c r t  11.ne of cycling. Now it does recover with so-called wreconditioningl' as 



shown here. We have got a substantial recovery of it, so  therein it seems that 
it i s  basically electrolyte management problem. Now, if you star t  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 i t ,  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 a re  factors that a re  more critical than others, and I agree 
wholeheartedly that the optimum cell for a near-earth orbit would not oecessarily 
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 manufscturer. I would think it  would be the other way around. 
Wouldn't it be better to take the government money and put i t  into the few battery 
cell, flight batteries, that i s  spacecraft battery cell manufacturers that we have, 
give that money to them and let them do th3 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. 1 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 i s  wrong with 
that? 

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

MCHENRY: I believe that most of the battmies are sold for toys and hearing 
aids, stuff that breaks before the battery does, so  if the battery will last six 
months, tho 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 i s  going to 
spend it  on the one that makes him money, not on the one that you want him to 
spend i t  on. 



SPEAKER: That is  correct. 

MCHEKRY: And he i s  in business to make monny, not as  a philanthropist 
so - he just says to you, "Well, I makc 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 tdce the 
government's money the manufacturer has something proprietary, i t  ianlt 
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 o r  18-1/2 and there is 
not a problem. Going to the extreme that you showed, there i s  no question tht 
you have got to stop somewhere and I would say that five percent i s  reasonable 
and the other end to this, really, to eliminate some of those adjustments i s  to 
hzve initially a much higher pressure allowance in the specification. 

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

FORD: We are going to have a hreak in a few minutes, but go ahead. 

SEIGER: Shall I hold it until after the break? 

FURD: Al l  right, let us take a 15-minute break. But f i rs t  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 s l o p  of the V versus T curve. I might comment on the 
standard Goddard spec., to use a s  a baseline in establishing a standard battery. 
Now I am not talking about the standard cell any more. I am talking about the 



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 i s  going to 
be implemented o r  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 2. Now once you 
cross that obstacle others become kind of small as far  a s  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 o r  
less  indicating how the life of silver cad. batteries through the use of some very 
unique thermal principles has been significantly enhmced in orbit. I think, Bill, 
correct me, we have got one silver cad. now that has exceeded three years - 

NAGLE: That i s  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 o r  increases the life of the 
battery and I want to annolnce at this point and I will make the point again, we 
will s tar t  in the morning at 8:30. 

RAMPEL: Guy Rampel, General Electric. Ors 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 a re  going to keep the groundrules very simple. 
Everybody not only is invited, but you 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 
a re  interested i n  all user problems, and you, the manufacturers. We are jl.str 

interested in your problems, so  I hope for the remainder of the day we can be 



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 btroduced 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 i s  time we take stock of 
where we are, basically what we known, where we are, and probably more im- 
portant, where do we go from 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 comtry? 

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- 
m e .  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 ou what you consider your problem is and what 
you thmk sb buld k dow about it. 

KRE 'JSE: A l l  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 corrzlated 
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 ~UL *O start a program on improvements of specific 
ni-cad problems our major problem, clearly, is electrolyte redistribution. The 
resd ts  of most of our life tests and our analysis shows that electrolyte redistri- 
bu#on is the eventual and ultimate cause of the cell to either completely fail or 
degrade so that i t  is no longer usable for the sate!lite power subsystem. I don't 
think, for eftample, that cadmium migration in and of itself is a problem any 
longer because I think we are understanding now better ways to handle i t  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 



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, third, teflonation will probably contribute to a reduced cadmium migra- 
tion in the future and I think overall that cadmium migration is not a problem 
per se, but the significant problem which can cause cadmium migration and can 
cause voltage fading, which can cause loss of capacity is probablj 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 o r  electrmhemically impregnated positive plates may 
help to solve that problem, since it is not expected that they will swell very much 
o r  that they will hydrate badly, bt 5 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 o r  even a flooded ni-cad cell with ap- 
propriak 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 perior? with a t3ynchronous 
design, but it - 

FORD: Thank you. 

SEIGER: Seiger, Yardney. It was two years ago that I presented a paper 
at this forum talking about electrolyte redistribution md those data, &d 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 the cell as having two fixed walls, that if 
the positive electrode swells, them 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 eleclrode, 
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 particuler cell, you take it apart, you find less electro- 
lyte in the separator, so that ie one of the things. Now we nkow that it does swell. 



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 imprepatod materials. 

A l l  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 mount  of thickneing, something on the order of two per- 
cent compared to double digit numbers, f ~ r  vacuum. The reason, corrosion. It 
i s  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 o r  an ammide type ma- 
terial, so Dr. Lim showed us the effect on precharge and the change of carbonate 
wi& the degradation of the separator. Kow polypropylene a. 3arently 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 cau work with, inclv-ting poly- 
propylene, and as an aside, this morning I asked Tom Hennigan a question 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 s o m e t h g  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 negat4.1~ electrode than if you cycled it and took them out. 



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 o r  
is it  replacing possibly air that had been there and then taken out? There is 
only one way to really shut the door on a i r  entrapment and that is for somebody 
to find argon in the cell becmse 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 electmdes 
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 l;ke to  point out some other infor- 
mation that was given to me by Tom Hemisan, that some cells with extra electro- 
lyte in them were cycled at :. 40 percent clepth 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 i t  
strength of the plaque because of its fine cells, and to get them to be balanced 
the separator would have to match that capillarity o r  it would be starved forever 
and that i s  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 systew, if they were both - 
had the same, say, working height, they would then have the same cs.pillarity and 
it  would be an easier thing to stop the polypropylene from starving. 

KRAUSE: Yes, i t  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 i t  will  do over a long period 



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 h o w  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 h o w  that to date. It is a ratber interesting fact that has come 
out of some of our studies on'the 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 pew 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 i t  
which means you only impregnate it with two or three cycles rather than a con- 
ventional seven cycles, you get about 60, 70, 80 percent, depending 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 jut been overloading electrodes for yeare. 

The people who havt recognized that fact for years have been Bell Labora- 
tories, a long time ago. 



BOGNER: I would 1ik.i 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 followeci through to maybe a g o d  
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, 
&at shows a material utilization. This is for one type plate, one thickness of 
plate, and I think we need that kind of data for diff~ ~ e n t  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 i s  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 of 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 Md 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 i t  on a slide right now 
but I have it in a briefcase that shows the surr'ace area impregnation, 1, 5, and 9 
and it shbws that impregnation 1 i s  something like 19 square meters per gram. 



Impregnation 5 is 25 square meters per gram and impregnation 9 i s  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 i s  only three points, I recognize, and it i s  
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 .a.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 i s  trying to do that 
can't be done. He is obviously putting too much in and he is getting too much 
expansion and thta c c x e r n s  me, so it i s  along the same lines that we are speaking 
of. 

LIM: I would like to ask a question concerning the electrolyte distribution 
and oxygen transportat!on through the cell. I heard a lot of discussion and in 
terms of the part of this discussion about the separator materiels ir! the cell, a s  
a newcomer, relative newcomer in this area, I didn't hehr anything about the 
physical texture of the separator. Does anybody have any information on that o r  
comment on that? 

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

LYONS: Gary Lyons, Howard Textile Mills. In answer to that question 
am! the previous queetions, that can be accomplished. If i t  is desirable to 
improve the flow of the electrolyte. There are  many mechanical means on 
battery separator materials that can accomplish this. The material can be mzde 
so that it can :hamel the flow of electrolyti in the direction that i s  desired snd 
that may also help keep this bulging effect that we are spaking about down be- 
cause there cc-dd 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. Limls question. There i s  a paper from the 
meeting of the section of the Eiectrochemical 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 did that work with polypropylene 
and the Canadians have been flying polypropylene and I believe that there are 
some others t h ~ t  have been flying polypropylene too. 

LIM: What year was tha,. LO you remember? 

SEIGER: 19701 I believe it is 1970. 



WROTNOWSKI: WrotnowsM, GAF. A s  a direct answer to your question 
on pore size, GAF makes filter media and we have developed a mathemrrtical 
pore size to predict pore size using denures (?) and the assumption i s  that all 
fibers are  straight and parallel and then you can calculate the pore size and 
we do use this quite siiccessfully, 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 dor~e, and did that during an impregnation 
and we did i t  cycle by cycle and let us say that when I get a change in the electrical 
conductivity measuremsnt, 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 1 was getting an awful lot of corrosion. 
I just didn't know what I was weighing. I uonlt know how much of the scinted (1 )  
I oxidized. T don't know how much it was weakened, but those plates indeed did 
shed anc blister. 

BAER: Baer, Goddlrd. 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 loding 10 percent a L . ~ x ,  

46 cc ls  in them and we probably could have gotten 1 ,re in them except : .,* nd 
third electrodes, well some of the cells had third electrodes and they were s w r b  
ing to swamp. Now these cells, even with the reduced loading, they still 
delivered - 12 ampere-hour cells, still del ive~ed 15-1/2 ampere-hours am . 1 

was at room temperature measurements and also at 35 degrees C. The cmly 
place there was something a little funny was the cold temperature capacities 
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. dter 10 cycles, so  you can 
put extra electrolyte in and unfortunately we don't have any life data on that yet. 

CANDEL: Gandel, Lockheed. Floyd, when you adjust the electrolyte 
in the cell what care do you take to exclude air  from the atnosphere? Just what 
i~ your technique ? 



FORD: I don't adjust ths electrolyte in the cell. I buy cells where it has 
been adjusted and that is one of our fundamental concern about the care that 
could be exercised o r  the degree of care that could be exercised to preclude 
contaminmion tad 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 a ~ r t f i r u f l t "  on the first group of cells, you 
had better damn well be prepared to do i t  three w a e s  on the second group be- 
caTse  if there is  one thing that mabes a difisrenoe U is the lack of reproduce- 
ability and the way you put cells tagether. 

But there are steps that have been proposed ad implemented where electm- 
lq+e adjustmenta do take place. I quite frankly do:.at like it, but I am not suggest- 
ing the technology is not within our graep to do this if  i t  is proven absolutely 
necessary. Quite frankly, it  is an extra step. It costa manpower. IL costs time 
to do that. IS 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 qwstion. 

PARK: In speakin . of the flooded cell, what - how many ccls per ampere - 
hour were you thinking of? 

KRAUSE: I didnlt have a number in mind. I guess I am thinking along the 
lines that Dr. Seiger has sugge~+ed, eseentially having the plate pack almost 
saturated or nearly so, removLg entrapped air i f  i t  does exist. Not necessarily, 
but if  i t  does, I don't have a number in mind. 

PARK: May I ask, on the trapped air, does a vacuum filling fa i l  to remove 
the a i r?  

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

SEIGER: I am s o r q .  I didn't Bear. 

PARK: Does a vacuum filling fa i l  to remove the a i r?  

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,%hout a vacuum.  the;^ ie more 
than one route. 

KRAUSE: Yes, some of you may be fan4lia.r with the silv, : zinc cells 
that have been built at one time or another. You take silver zinc celle at ESP 
for example, a d  you f i l l  that thing with electrolyte. In fact, you have a chim:: 



on the top and you would run that thing flooded, run throilgh some formation cycles, 
take the excess electrolyte, dump the cell  over until i t  stops dripping and off you 
go and they were highly saturated in that manner . Maybe a ni -cad ought to 5e 
built that way. I don't know. 

HENNIGAN: Since you mentioned the silver cell, let me say a few words 
on that. I think the biggeat mistake we ever made in the space program was how 
to charge the cells when we floodeb Lnem and we came up with a charge control 
method that would work. We did the same with silver zinc, but when v:e got up 
to - let me say a few words Harvey, quoting some numbers, I don't think I 
said them, but there was one c d l  UD there with 26 ccls .  That was the top. nylon. 
That was - we ran that one four years ago. We had a lot of trouble numing that 
cell. How m m y  cycles did we nave to go, 100 o r  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   the^ were not l e s s  than the nylon. The other thing was those 
cells we did run that time were in the 20's. What was that separator, 2140? 

KRAITSE: Yes. 

HENNIGAN: Remember that separator? You said how great these cells 
ran after rj,000 cycles and 40 percent depth. Again, they were very t i i d  and 
they expanded like balloons aqd those cells were taken apart and the separator 
was e x t r e t d y  dry. It mii the d r ~ e s t  part 05' the cell. 

SEIGER: And thickened positives? 

HENMGAN: I don't rer. :mber the number Liere. 

SEIGER: T h t  was the reason. 

HENNIGAN: They had expanded so  much that - 

SEIGER: Pardan mc ? 

HENNIGAN: 1 Zm't think that the positives would have squeezed out the 
electrolyts . 

SEIGER: That ws also RAI material. 

HENNIGAN: The cells wore getting larger  and larger.  



FORD: Okay, now, I think one more and then we will come back to the panel 
and then we wi l l  keep going, okay? I would like to keep the panel going. 

ROGERS: Howard Rogers, Hughes. I would like to ask Harvey Seiger a 
qwstion on t' .. a c w  filling, that if you pump the cell out you get the pressure 
wr,_ down, I 2c-lft see where the air could stay if you have a decent vacuum pump. 

SEIGER: I agree. Now what? 

ROGERS: Why does ~t trap a i r?  I guess that is really my question. 

SEIGEH: All 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 f i l l  a l l  of the pores very quickly. However, if at the instant you put 
that in you break the vacuum to permit air to get into the cell, 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 vray that even though you 
use a vacuum you do not necessarily have to get all of the air out. 

Let mc 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 axxi 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 sigaificant strides over 
the years and just listening to the discussion now brings to mind the fact that we 
no longer ai-e 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 o r  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 



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 o r  we put in a purchase for cells, we may get one, two, three ship- 
ments of lot one, o r  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 
s o  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 o r  at least said, "This is the plaque we are 
using to start with. This is the pore volume of that plaque," o r  "This is  the 
porosity," or "This i s  the average pore volume." We haven't talked about the 
impregnation o r  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 ha\*? sr. mziform cell program instead of the standard. 

HALPERT: Right. 

FORD: Another question ? 

ROGERS: I wuld 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. 



HALPERT: I would certainly not expect company A to make the same 
plaque as company B o r  company B make the same plaque as company C. 
Obviou~ly they use different methods. AU I am saying is that it ought to be 
in some kind of control so  that when they do it again the second time o r  when 
the impregnate the seed time they ought to have some contr~l, aad I am con- 
c e d  about this. Now maybe what I was trying to do w a ~  k w  you something 
loaded. I was trying to have you tell me that you don't nwed this. I was hophg 
that somebody would get up and say, V o u  don't need a uniform plaque. You can 
take a plaque of any porosity as long as you h o w  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 aorous. Maybe you 
get something less than you want but it still can be done and it still can bt done 
in a uniform way.It 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- 
bun. We have a different kind of requirement and if we know what we were gomg 
to stert 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 talkixg 
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 a d  
the question is, the real question that you are asking seems to me not fhe oxm 
that you asked, but the way Bell Laboratory does that, o r  that Eagle Picher doe6 
it for Bell Lab is on a small private production run where tbey 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 battery manufacturers are the major nickel-cad. suppliers 
which use major large production facilities which have plaque producing prooessee 
which don't lend themeelves to the type of control you are talking about. 

HALPERT: You are saying plaqus-making ie expensive, the p k p - m a h g  
step itself is expensive ? 



DUNLOP: Tha question is whether you want to build, have somebody build - 
whether you want batteries mlde by a stadard company because you can't - 
you are not going to convert GE, I dm% think, to a different type of production 
process, not d s s  you want to pay for it. 

KRAUSE: T h y  might not want to do it even if you want to pay for it. % 

DUNLOP: Ri*. 

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 queetion you have to address yourself to. 

KRAUSE: Wlt, for example, there was a company recently who eet them- 
selves up in business to produce limited quantities of very high qualily 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 
thw batteries ? 

KRAUSE: Wa in the past have talked to battery manufacturers and strangely 
we have gone in and said, Vour  stuff doesn't cost enough money." If you 

look at the cnrerall cost of battery c e b  that you have to buy for a estellite, the 
cost of the cells is rsally insignificant. 

DUNWP: Right. 

KRAUSE: It is really cheap. And we have had epacecraft managers say, 
"Gee, if thorn things are really cheap, why don't you get them built better?'t and 
you go to the manufacturer and say, #We wil l  give you double the priw for that 
cell. Inetead of $200 a cell, we will give you $400 a crell, but we want yau to 



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, so 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 A i r  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. A s  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 i t  will be a competitive procurement. It may or  may not 
be sole source. The technoiogy i s  owned by the government and anybody can 
use it  that wants to ss 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 progressc+d. Now &ere are several things that 



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 ~ t h e r  
hand, I have often been amazed how three o r  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 productj -m lines and all of the instructions that they 
know how to do, and what happens when the plant is b'uilt? The;- try to make 
batteries and they are no damn good and what finally has to happen, they have 
got to take two o r  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- 
lowd 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 i t  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 o r  any companies just as long as they keep repeating what they make.lf 
You don't have the kind of production. You don't need this thing. The Signal 
Corps had to do thio 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 
thing8 that again, vimilarities 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 ie a war 
you are ready to use them. We would like to store them for 20 years if they are 
stable enough to store, 



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 isatt 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, i t  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 stockholderst 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 operaiions 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 i t  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 
donlt know a damn thing of what went into the drafting o r  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 disclosu~e and unless you do that with a diecloeure, 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 dollare worth of satellites are in tbe 
throw, or  the defense of the nation depends on it critically, why then you are j u t  



going to have to do it, but a lot of these things, I mean this kidding around here 
where people don't want tc say something like this polypropylene is, 'Well, we 
found out it is two mils. thick," but they won't tell us what the density ie 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 i s  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 Eurape. 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 "proprietaryv 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 ue find out how it uhould 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?" llYes.v "Well, I don't know what you l e m  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 tliere. 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 enid, no, that ie the way i t  harr got to be, I mean, you are going to have 
to pay industry and they w i l l  do the beet they can but they are not going to tell 
you, we cannot tolerate that attitude in the kind of businera you are in or the k i d  
of bueiness that the Navy ir in in critical ordixmce batteries. Thank you. 



MILLER: I don't feel as much at home as when I 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 a s  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 i t  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 c'o we analyze it 
in order to staadardize the methods of measuring things. Laboratories have 
cooperated before and sent the samples around and you find out somn people 
just can't do it. A s  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 i f  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 Img run they 
wil l  be ahead of us technologically. I mean i t  i s  as simplc a8 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 bas  very 
fine pores. The pumping speed of those pores i s  very slow and it t u r n  out that 
if it would take you the time constant of these pores fa 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 



Dunlop's comment about our facility being a pilot scale operation and 1 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 tine 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 3 

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 gwernment 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 evenkally get some pretty good people left :n 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 you should have the government do it. I don't think 
you have g ~ t  as much different approactes 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 haa always been in favor of 
government doing it, but I am not too sure that that i s  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 ae most of you know, on both sides of the fence, and 
moat of the time has been spent as a battery user rather than aB a battery manu- 
facturer and from that standpoint I have got to say that the battery manufacturere 
have done one hell of a job to satisfy the needs of the mroapace industry over a 
long number of years. If you look at the record of batteries that have performed 



in space going way back to early ballistic missile programs, and the efforts 
of all of the companies including Eagle Picher aad 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 to 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 o r  
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 aide 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 cute it open to see what is inside, but the last few 
years there really hae 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 atxi i t  has been very evident, I think, by a number of the 
papere that we= presented earlier tc lay, and them tgpee of analysis can tell 
you a great deal about the cell and I think that kind of tbame has been evident 
from time to time throughout this conference today and the ce lb  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 
yoars m d  kfughee Aircraft wants them to work for seven yeare nmi we do analyze 
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 reprodmeable 
thing, but if y ~ u  also note, something else that is being said here is that them I 

calls are going to work for six o r  swen years and that is about what all our test 
data says and that ie what our analysis is. 

The pmb1.em 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  mven years. YOU am hying to look for something that is going to 
work for 10 years. That is what I sm interested in, and when I lodred at that 
I knew that there were certain inh F r mt problems Wee that nylon emparator that 



the guy say6 it is golng fo larst for seven yeare and ar 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 laat for seven ye-, m we are looking for something 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 csee, and WL do see thiap8 
like the work that the A i r  Force is doing and the work that Bell Labs is doirrg 
that Looks very good in terms of new types of electrodes. That is one of the 
most interesting things, that promise ym more lifetime and the question is, how 
the hell do you implement that into thie free enterprise system that is already 
made up of people with set production proceeeea? It is not so much that you 
are knocking tho88 guys. It i~ a question that you don't know how to implement 
new technology that ie coming along and one of the ways is to go with the new 
small companies ard that is what seems kc be going on here and that te where 
the battle seeme to be taking place. 

FORD: I would like to come back to the panel now and let ue pick up 
perhape another subject. I haven't been told what these batteries am all about, 
so who would Uke -- Sid, would you like to go next? 

GROSS: I a t  me mention first a few relatively minor problem9 and then 
a few more important oms. One of the minor problems is reconditioning. 
There is a penalty associated with putting reconditioning equipment in spaoe- 
crait, especially small spacecraft and although there is a lot oi bits and pieces 
of information on this subject h r e  still ie no composite gathering, collection 
of all this information with any kind of attempt to fil" in tk holes, so thie is a 
small subject that I think needs to be takm care of. 

Second small subject is We prediction. Every time  we^ b e  -- many timee 
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 availsbLe is inadequate to do 
the job. A lot of the data ie old and many of us feel that todayta batteries am 
probably better than the older batteries that thie fitatietfnal data represents, 
yet we don't h o w  how much better. We have no f a t o r  that we can confidently 
apply, sa in the 5.W analysis we end up doing a puuk job on predicting Ilfe of 
batteries. 

Still, 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 I have gut good data on. 

Tbe third minor item is accelerated life testing. We have had to do a 
variety of eccelerated life test programs and emh time WB embarked on them 
we found that tbe informalion availsble to give guidance to tl;eee teata wan 



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 o r  other work is carried to eome 
cowlusion so  that we can get this problem sohed and make use of it  in the 
future. 

Then as far  ae the more important problems, certainly the most important 
is the one that has keen talked about. better plates. We really have to get down 
to baeics and this is the re?2 problem, that for years we really have been ignor- 
ing. We have been doing everything with batteries, everything except to really 
make better plates. All kinds of quality control, all kinda of data, working on 
seals and -- but we really have ignored, I think, except in occwiona! spots here 
and there, we hrrvc* ignored facing up to the real critical subject of better plates, 
starting, of courtu, wi !A really good plaques and the right kind of -1 aques and 
porosity and the right kind of 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 ma3 
be because the plates we have aren't right. We do have to eventually get away 
from nylon. We have to start making polypropylene o r  something else work. 

The second important subject is shorts, Shorts in cells, there h m  not 
re.2Uy been an epidemic of shorts in cells, but we have had then occwionally 
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 thirdc that problem is 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 t h ~ t  if  you are  happy with a 
two o r  three sigma success probability, o r  if you don't -- if you are not the kind 
of a porson 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 had to make Eome 
changes to come up with cells and batteries that give us the confidence we want. 

But the real solution on the vibration proslem is  essentially to get greater 
confidence, to get grzater capability, involves really going into the cell and 
maW~g eome major changes. 

FORD: Okay, thank you. 

IMAMURA: Imamura with Martin-Marietta. There are  about three o r  
four related items that Sid brought up a d  I wasn't going to bring up the topic, 
but in terms of cycle life prediction, Floyd, and I think the m e t  of us, we always 



hunt around for data and of course you have to go to the old NAD Crane data, 
z, 
a Naval Weapons Center, I guess, and my thoughts were should Goddard continue 
L 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-stggestion on how to possibly make best use of the Crane data, 
such as possibly going to a single cell, cell level, pavarnetric type testing in 
order for the data to be useful. One could go to, say, a 21 o r  22 cell test and 
you have a horlpendous 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 future. 
I really think that we ought to 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 Lying 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 Mth 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 nylon w t s  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 



six is and I don't know if you can wake a nylon 24 or something, but is there 
amther material that does not hydrobe 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. 

SPFAKER: It doesn't dissolve in sea water. 

MCHENRY: I don'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. 

COIIN: 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, polyphemlene sulphide, potassium titanate, which are three materials 
I know that are KOH resistant. One of them has been used as an absorbant j u t  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 o r  maybe somebody he& already b w s ,  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, i t  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 bas  done much looking. 

WROTNOWSKI: Wrotnowski, GAF. There are three materials that wet 
out and are mom 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 is 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 Dupontts 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 have done and it is just a matter of 
autoclaving. We did our work in 10 percent caustic, but it eeparated 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. 



ROGERS: Rogers, Hughes Aircraft. To anewer the question about poly- 
phenolens oxide, this does wet very easily. But my question is more who make8 
a fiber out of some of these materials like poly~ul@oms o r  polyphenolene oxide 
or polyphenolene aulphide? I know who makes the material but I don't know any- 
body that makes a fiber. You can't uee 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 thouamis 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. Tbe 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 
talldng about? 

SPEAKER: Sure. 

FORD: They have experienced some - thie was life testing, o- ~ y ,  obviously, 
but they have experienced some symptoms of high degree of dryneee rith lifk 
testing of polypropylene. I dcmtt think it is 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, baeed 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 electro1yte you found in nylon akter 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 ie 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 losling and I don't know bow far we can go on that today. I do know that we 
demonetrated to our sati~faction. We can go down 10 percent with no compromiee 
in cell deeign. In fact, everything looks like it would be quite to the contrary. 



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, o r  it  i s  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. A l l  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 i f  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. Thsre 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. 



Now, undoubtedly, this distribution effects the condition of the plates. There 
;#.re other side effects that follow from electrolyte redistribution which can be 
',)emanent 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 tbese other 
follow-on failure modes may become under ooatrol. 

In order to do that, I think, and I think I have some data which I will show 
routomorrow unless you insist upon seeing i t  today, that show that the order of 
?vents with normal plates , vacuum impregnated positives in particular, is that 
,he positives swell first and then the electrolyte migrates, not the reverse. The 
lata 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, compara~~ve 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. 
' f i ls  is what I think we need to do first and I think we have the technology to do it 
toclay and IL 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 I 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 suqmsed to be?" And I find that there is no real specifications that 
I can get my .t~rids on as to what the molecular weight is, what is the average 
mo1ecula.r- weight *t What is the chemical, real chemical composition? I can find 
data w.;ch some people find it has a molecular weight of such and such when it 
is *. ;w and then over here somebody analyzes i t  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 chemical stability versus hydrolyeis, oxidation, and what all, are due to a 
variation in the basic product and that we should find out what it  i s  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 
d c ~ g ,  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. 



The final thing I think that we are still floundering around on after all of 
theee yearF Is what is tho optimum excess negative for a given application? I 
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. A s  f a r  as I am aware, I don't know what the answer is aa f a r  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 fak can we back 
off? I think we need some pretty controlled sets of tests to really tell us what 
that optimum ratio should Iw. 

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 o r  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 X 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 maeo~able 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-linef1. 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 became 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 is chemically stable. Chemically stable, I think, ie a very important 
specification o r  requirement. I think that is, but there are obviously physicri.? 



parameters that are so  important to the electrolyte 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 ccls extra to make 
the pressure come out right o r  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 undor- 
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 

I 

question about the physical shape, but I didn't get a complete answer. 
i 

I think there might be some way of putting more electrolyte without blocking i 

the oxygen transport by just changing porosity o r  the size of the fibers, for i 
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 3 
parameters and see how the battery characteristics are effected. 'r' 

a 
f 



FORD: Okay. 

MCHENRY: McHenry, Bell Lab. Well, I think one of our major problems 
is that we can't make anything the same twice. We can't even make the damned 
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 o r  mom 
than two the same and our problem is we have the plus o r  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 so;-t of stuff, you will 
have a 70 o r  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 Wngs that a re  off by 50 percent in the first  
place and what you have to do is make your electrodes s o  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 y9u about 100 percent of their theoretical, 
pretty close to that. You can have some confidence as to what it is going to give 
10 o r  20 cycles from now, but the vacuum impregnated plate, you star t  cycling i t  
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 pa& that step you forget everything else unless you want to put in a 
six to one negative. 

L PARK: One point on that, I wondered if you could say what you do get for 

i variation in the vacuum process. I n;aan, it  has been spoken of as being less  
satisfactory. I am sure it is the uniformity of the negative o r  positive plates both i 

t as compared electrochemically. It would be interestir g to  know whether you have 

1 statistics on that as to how it  might be ktter and another point, on the Pellon 2505, 
why couldn't it be evaluated in some of Mr. Lim's tests at high temperature o r  

8. 
I the kind of thing he was describing this morning, you would have an evaluation of 
1: 
i$ 

it. I would ask that quest i~n.  



Then another thing I would like to ask Mr. Wrotnowski o r  somebody else, 
what about nylon l l ?  Has i t  been tried, if  it i s  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 thc 
electrochemical impregnation process is more reproduceable and more uniform, 
what is the number? What are the statistics to support this? J im? 

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 
analyzec! in a large number of cells and we determine what kind of capacity we 
get out of it for chemicdly 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 and 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 o r  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 cbaracterietic 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 ll? It was that question, and has anyone tried nylon 11 in the 
nickel-cad. system? 



WROTNOWSKI: Well, it is a F r e ~ h  fiber aad it really ienlt in this 
country. Someone would have to gu import it. Probably that is why it hasn't 
been done. It ia available in France but someone would b e  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  jwketa or  
what have you and making it for ourselves. If we lose him we don't have auy- 
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 eelect 
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, was I?  

PARK: What about using Mr. Limls evaluation of the rate of attack of a 
caustic at high temperature to evaluate the 2505 lapee? 

HALPERT: I think that is what he did, isn't it? 

PARK: No, I mean, why don't you do i t?  

MCHENRY: Quality control. 

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

PARK: I rm saying use that process to evaluate every lot thaf you get. 

HALPERT: Al l  right, the anewer to your questfan is wm have remived, 
have requeeted from the manuf8~)tumrs and have received all of the test data 
from their 2505 test that we have required them to run for tbe last flve or rn 
y e w .  



PARK: But do you teat af high temporahme? 

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

PARK: But Mr. Limls 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? le that what you mean? 

FORD: Let me field that one, please. 

HALPERT: All right. 

FORD: Yea, I think it is a good suggestion. I was impressed with what 
was shown this morning and the linearity end 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 critiche 2505 until w e  are blue in the 
face but it is still the only tbing that is really doiag the job over the long haul. 

HALPERT: Dean? 

MAURER: Maurer, Bell Labs. Olrs of the thing6 that I have been hearing 
ie the generalization here, I believe, that polypmpylem tends to dry out over a 
period of time and nylon tends not to dry out wer a period of time. I wwld ltka 
to call yaur attention to Mr. Limle equations from thie morning which &ow that 
a subetantial amount of water is produced in the degradation of nylon se well as 
the carbon and nitrogen, and maybe the reaeon nylm doesn't dry out ie because 
it represents a source of water s o  that the liquid content of the cell L increasing. 

I would like to ask WiU lScott if on any of his tear downs of tbeae cells 
have you looked at wbsre the electrolyb is on cells that have jut been remwed 
from cycling wlthout reconditioning vereue wlth reconditioning? Is there any 
electrolyte huddfsd in the bottom or  an- Ilke thls? 

SCOT'R I don't rewall ever meing any tree bulk electrolyte except j u t  
a film on the inside of tbe cans. Regarding the other queslion, we have eome 
data which will come up tomorrow in connection wlth looking at the effemta of 
longterm e t o r w  which ehom the proportion of total eleotrolyte and hydroxide 9 

in carbon& in the -re before and after etorage and before a d  afbr- 
some limited kinde of tests, but not a very complete approach to the dl f femme 
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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 program 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 ewh, made of polypropylene separator cells, and it is about 
7,000 cycles now, low-eazz 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 hw~e 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 o r  three ampere-hour&, 
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 i t  ie reaUy not peculiar to the poly- 
propylene based cella, and it is true that dryness contributed but we really 
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 -- o r  we have observed similar 
types of things on nylon, for cells containing nylon, but i t  i s  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 o r  polypropylene, but 
quite frankly, if you don't start with enough from day one you never expect bo 
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 ie a significant differewe in the 
amount of carbonate. 

FORD: Does anyone care to field that question? 



HENNIGAN: This was all done. I don't have the n~mber s  ia my head 
but I could probably get them to you. Every separator that we have checked 
has had that analysis. I would llke to mention one other thing. I m t e d  to tell 
you this morning about the Grace nylon which I would say i s  comparable to the 
2505, cycles about the same way, and one of the things you may find with eepa- 
rators, you remember about two years ago we had the polypropylene called 
Hercules. It was a microfiber type thing and th& 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 m i d .  I j u t  have a couple of things. 
One, relating to Matt's problem, we had some polypropylene cells, one with I 
believe, 15 percent short in electrol*, if you will. It was specified that way 
to suatain a d l 0  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 arolmd 22, and both cells 
in random operation, the wet cell and the dryer cell, occasionally exhibit the 
same problem Mattie hns, 30 ohm celle, 30 ohm impedance cella. 

Strangely, we have been tracking the balanco of our cells which do hw*e 
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 something else. 

Like I say, everything has been said regarding battery celle o r  quite a 
bit and I guesa my concern now and I think oae 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  technique^, maybe 
even 6eparstof.s improving, but you can't get it. You can't got i t  all together. 
Maybe i t  just takes time. 



We eeem to have started the nickel-cadmium investigations, I thlnk, back- 
d e .  Nickel-cad. got wed in spmocraft because it was the only thing av-tilable 
tn 1960 and lt worked well through the late sfxtiee and eomewhere around the 
time that the workahope started and cells etarted failing -- but that is  when we 
really started looking at nickal-cadmium. It is only five o r  six years, really. 
Grdat eeab  are available. That waa om of the ma;or problem8 in the early days, 
and there are electrodes avail.ahh now and there are soparatore, but you can't 
buy it and i t  doeen't look like in the mar future we will be able to buy it and if 
we could buy it from a new company because maybe the major oamptrnies might 
m t  want to get involved for commercial masons, could such a Cimpmy e t ~ y  in 
buaineee *until we M e h  testing it 3 

It ie the truth. Could we then convince our program managere on programs 
that we have a better battery and we are we are ready to fly it when the general 
technique ie we want to standardize -- maybe that ie a bad word today. We want 
a battery with a reputation of swcess and we do have, Kipr and Jim bave 
mentioned, the batteries that are being built have a reputation of succeee, but 
yet we need the improvements, but how do we implement? That ie the problem. 

It ie all yours. 

PARK: Another point that maybe ir, pertinent, I notice the man that tdkod 
the first thing this morning expreeeed standardization and standardizdon cer- 
tainly has a place, but also if you are just going to standardize, you wouldn't be 
able to get this 10 vear bueinese. Now it eeeme to me that to stnndardize then 
you a h  have to try to find mmebodly to fuad further development and it seems 
to me that you ought to have two different things and I don't eee a *Jvhole lot of 
impression this morning that there were W e  for mytlkag but s tanddizat im.  
I dmlt  think that ie right. 

BETZ: That is right. 

PAHK: It ten% right. 

FORD: No. Let ue put it this way, thuugh. W e  I am not qusliLad to 
oomment on the doilar value6 of the OAST budget ever the period, I do know that 
the impetua on the OAT research and devolqment has bPon gradually doclining. 
Today we have nas bmio task, to p r o b e  workable hardware ard to quit &sign- 
ing a new wheel every time we want to launch a vehicle. 'I%& i8 the full mdlty 
that nre have to acwpS ae a part of the rrenwpace and the acienlific community. 
Now with tbat in mind what we have ta do ib take what fundn far reeearch an~I 
development that are lrvrrilablo and try to squeeze the maximum. Hereln is one 



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 h m  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 tmprovements that are available, a d  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. 

PAf :C: I hame a further point. This is to Dunlop. He seems to be aware 
of the value of the 10-year We. 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. A t  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 o r  $7 
million if that is tl-s figure, to build it, the question is, you are going to go out 
md build a battery, if you don't like what the battery manufacturers are doing 
what do you do about i t?  That is I think the point that is really being addressed 
here today. If you really don't like, if you really don't think that the battery 
manufacturers are making you a seven year cell, then what do you do about i t ?  

In addmasing the question of making a 10-yea. 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 prorluction basis. I just think that the limitation is not going to be done by 
making a lot of measurements. I am jut going to go right back to what Halpert 
was talking about, that the techt:que is limited by the technique of what they are 
doing. 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 anti wheels and so forth 
and that is the way they make it and 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 uf these 12-zone 
furnjces. 



PARK: WhatIwast ry ingtosay--  

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 i s  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 LO say is this i t?  I mean GE makes 
a cell and SAFT America makes a cell and -- 

PARK: I won9t 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 tx, do a lot of research of all sorts  of things in the power industry 
and the indwtry 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 haen9t got the budget, you are going to have to do something. 

DUNLOP: Right. Well maybe the A i r  Force and maybe Bell Laboratories. 



PARK: Right. 

GOLDSMITH: I take a look at Goddardls or  NASA's missions aad 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  or.9 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 requ i r~d  
not only for Comsat but for a lot of the military communications satellites, 
NASA isn't doing that. I don't see the A i r  Force putting any money into nickel- 
cadmium development. I thmk somebodyein the government \n%o may think that 
NASA is looking after al l  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 
i t  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 o r  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 A i r  Force act to- 
gether? Like you mentioned a minute ago that you act together and you have 
the same goals. 



FORD: Why is it that m do? 

DUNLOP: Why do you and the Air Force, then, ham the same goals 
h a u s e  the A i r  Force had a lot of syncbronou6 satellite missions. 

FORD: I didn't say we had the same goal. We have common goals aad 
common go*, the A i r  Force, aa we do, put up a lot of the mar-eartit orbit 
satellites. We are still putting up, the U. 5. government, is still putting up 
synchronous satellites, primarily for weather. 

DUNIDP: 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 thrnk rn all should realize that 
most of the work that the Air Force, I think, is going to be doing in tlm 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 o r  what have you, which is de- 
signed to get al l  government agencies together and look at the big picturn. 

DUNLOP: Probably one of the things that should be mentioned here that 
does codwe the issue is that, and probably Comsat as much as snybody 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 lo-year mission requirement and that is going to be a subject 
that will come up tomorrow, so we really expect to replace -- we really expect 
to be able to replace nickel-cadmium systems with a 10-year battery and that 
is eomething that confuses the iseue a little biz. That is an awful nut that c.m- 
fuses the issue a little bit. That is an awful nut tday. 

FORD: Emst, 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 Goddardts work- 
shop but Goddard doesn't have the whole NASA program and there is a NASA 
program that has as ite goal a new lightweight ni-cad cell, 35 watt-hours per 
pound, 100 percent depth of discharge, lightwight ni-cad cell, and a new ni-cad 
battery with an tndividual cell control ala A i r  Force and that we are etarting to 
implement this program, namely, through JPL. If we can get Goddard to help 



us, fine. If we can't we will do it all at JPL, o r  if we can get Lewis to help us, 
fine, but if not we will do i t  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 orbiters. We are talking abovt landers that have to operate for weeks 
or  months, 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 ry u whole and +:.: .bii 

you get these 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 beel- 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 otherst 
advances in nickel electrodes, for example. We have asked the A i r  Force and 
the A i r  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 i f  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. 1 wish you had started earlier in the day on the t.echnology. 

KUYKENDALL: Kuychendall with NoAH/NESS. We are working on the 
synchronous orbital SMS/GOES. Our problems isntt 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 h o w  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 
don1 t have the answer because we started with a bum test program, okay ? 



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, 
so 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 i t  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 RF'Q 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 plypropylene and nylon. I am not 
sure about the change of the wettability in polypropylene, but in the nylon, after 
nylon degradates, the wettability wodd 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 battery 
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? 



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 eo 
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 
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. 

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- 
bation 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 i s  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, 
oi course, has been waiting at lsast 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 i t? 

HELLFEITZSCH: Because the company was not competent, readv, Rut 
he was supposed to -- part of the contract was thaJ. he write down how to m a k  
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 then you do i t  and it is not a good cake usually the first time. 

HARKNESS: )-iarkness, Crane. A s  you know, we are involved in the 
battery testing for N A ~ A  and we currently have 12 ampere-hour bbttery packs, 
nickel-cadmium, that have exceeded 10-year life. This is in a near-earth orbit 



flight test regime. I have heard the comments before and I thCbk the etandard- 
hation program ie a good step toward this step. Wouldn't it be nice if wa caPfd 
duplicate that battary now? I think a lot of problems and questlone that b e  
been brought up today would be linswemd now. 

HELLFRITZSCH: But it can be duplicated. 

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

END OF AFTERNOON SESSION 



SECOND 3AY PROCEEDINGS 

WEBSTER: Good morning. I have two ways i could do this job. I could 
simply aay that we bave approximately 16 speakers and go ahead and begin the 
program or I could be ycmg and maybe a little naive and go ahead and make a 
few comments about some of the things I heard yesterday, RO 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 a re  proven wrong. This is a world unlike the 
sixties where test resulta a re  now more than just electrical test data. It is now 
related to such things a s  negative to prrsitive 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 ~ynchronous 
orbit, a low rate continuous tricle 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 a t  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 
Edieonian research, that is, trial and error  research, but there i s  a need in 
today's world because of where we are, for a little of each. 

Also, there is another need in Way's world, one which I am sure every- 
one that has ever been associated with a real satellite has encountered, and that 



i s  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 a r e  referred to as operations control people. 
We have some of them in our audience today a s  a guoct. 

Now, these people basically in some areas  a r e  electrical engineers. They 
do not have a strong background in batteries like we have, and when they a r e  in 
the control center and they have been operating a satellite a s  it was turned over 
to them, for a period of three to four months and they star t  to see the voltage 
going down, the f irs t  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 a s  we a r e  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 f i rs t  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 a r e  the days of putting voltmeters across batteries and just seeing 
how they perform. We a r e  much more sophisticated and we star t  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 a s  Bill says, it is the real world. That i s  ultimately wh8t we a r e  
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 teste that we have been runnicg a t  
Hughes. The test was started in support of the OSO program and this particular 
life ter' '\as been running since 1972, almost three years, although the total cycle 
life ao iirr is in excess of 11,800. 1 think a s  of today we are well over 12,000 
cycles running a t  15 per day. As you can see, i t  i s  a low-earth orbit, 96 minute 
duration. We have a 36-minute discharge a t  3.2 amps. on a 12 ampere-hour cell. 
The charge time available is 60 minutes. However, we use a voltage regulated 



current tape ring with temperature compensation and I think the reason I 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 Bystem 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 o r  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, a s  you can see, is relatively flat and has 
looked very good in the 12,000 cycles and looke very flat for the 4,000 cycles 
and the interesting part of the teet 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 a s  you can see, we a r e  running a t  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 wcll. 

As I say, most significantly, 1 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 pressure 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 a r e  your level four and level two 
voltages at 25 C. ? 

KRAUSE: I wish I had brought the curves with me. My recollection i s  
that the level two voltage a t  25 C, is somewhere around, I think mmewhre 
around 1.41 volts and the level four might be somewhere around 1.425, some- 
thing on that order. 



BETZ: Are these nylon separator cells? 

KRAUSE: These are  nylon separators, yes, good old ny1c.c. My prejudice 
is showing. 

HARKNESIJ: 8 b ,  were you running a t  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 ruming at the be- 
ginning a t  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 runnfng level four 
a t  the beginning of the test and stepped it down later because i t  was obvious that 
we could get by with a much lower C to D ratio. 

SULLIVAN: Sullivan, APL. I probably m i e s d  it. It was probably on 
there. What was the depth of discharge? 

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

SULLIVAN: 16 percent? 

HELLFFUTZSCH: I heard in both of them epeeches some remarks which 
indicated they didn't quite agree with something that was 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  icl that you a re  measur i~g you don't learn very much 
because no matter how many numbers you have until 10 yearn ago, unless you 
know that the cells you a r e  buying today a re  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 unilormly alike you have to be care- 
ful about using the data b a d  0.. 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, aa an indetx of overall quality, and that is the coefficient of 
variation on any attribute of any commodity that you meamre. I t  ie a ratio of 
the atamlard deviation to the average and it hae m, dimeneiono. Therefore when 
you say, "Our product has a stanrlard deviation of five percent, well actually for 
any chemical product that i s  a pretty good average. If you get into the meohani- 
cal thing8 like watch making fhen of course you are going to get down to frurtiane 
of o m  percent in thgt battery, but &ere are  many, many batterier in the primary 



battery busineee where coefficients of variation of 10 percent and 15 percent of 
the same lot exist and it i s  a very useful number. The battery people haven't 
used it. It i s  used in other engineering fields and you see, since it i s  dimen- 
sionless, you danlt 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  i s  
a very simple thing to do. They usually calculate the standard deviation and the 
avenges, but n o b q  ever bothered to divide them one by the other and i t  i s  a 
real good index. It is dimensionless so  you don't need to know what it  is, voltage 
or  cycles o r  whatever. 

SULLIVAN: Sullivan, APL, Stan, bnve you discharged any of these cells 
to see where the eecond plateau ie a t  this point in time or if not do you plan to 
do so? 

KRAUSE: No, we haven't done it. We plan to do it some time in the future, 
but we are  plmning 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 
meamrements and try to find out if we have double plateau or fading or what 
have you, but right now it i~ running so well we don't want to dieturb it. 

Floyd? 

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

KRAUSE: 1 believe you are  correct. These do have the treated negative. 

FORD: Right. Just for the record, 

PALANDATI: &an, I was wondering, have you tried to analyze the gas 
content a6 to wlrlrt actually the pressure build up i s  a s  to whether it i s  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 cell out of this pack and we could put i t  in that apparatus. However, in 
looking a t  the pressure gauges, we see a fairly sharp decline in the pressure a t  
the start of disckrge and so i t  i s  obvious that it  i s  still primarily oxygen. I 
don't believe we have seen any hydrogen. The residual pressure ie very low a t  
the end of disclmrge. Fred? 



BETZ: Beb, NRL. Stan, do you recall what current you tapered down to 
a t  the end of your charge period, approximately? 

KRAUSE: I bolieve i t  is something close to about 500 milliampe. 

If there are no questions, I would like to  makc a qilick statement since we 
are maWng statements. To clarify my remarks, I had nothing against science. 
Obviously we a r e  involved in my organization in trying to understand what i s  
happening inside of batteries. However, I have a general feeliug that on occasion 
we sometimes lose sight of the eventual application of these little e1ec:trodao and 
separators that we a r e  working with and we have to keep in mind t lnt  the eventual 
application of the battery is to power a satellite, to become an integral part of a 
pxcr eubsystem, 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 cell designs 
that we a r e  flying today a r e  perhape rel ics  o r  vestighl organs of battel ies which 
were designed to meet requirements in the early sixties. This i s  my own personal 
opinion. However, I don't think that we have taken enough time to tailor battery 
designs to the capability of our electronics that are available to us today for charge 
control. I think everybody is worried that you can't get cells wet enough because 
they a r e  going to build up pressure if you overchnrge them extensively. Well, 
nowadays we a r e  smart enough to build microelectronic circuits that can very 
neatly control battery charging. There is no need to have to run batteries a t  
C/10 a t  0 degrees C. unless you have some very special and unu~ual  mission 
requirements. Mom of our synchronous sate1M.e~ today have temperature con- 
trol systems that will limit batteries in overcharge to temperatures probably a t  
15 degrees, perhaps 20 degreee C. and in addition to that, the control circuits can 
easily limit the overcharge only to that necessary perhaps to get a decent C to D 
ratio and a t  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 Isy integrating 
them into power subsystems that a r e  designed to provide the care and feeding 
for the batteries. I don't think we should continue to build these thitge to take 
extensive overcharge for long periods a t  ridiculous temperatures. We a r e  just 
not designing in many instances to  meet the envirmments that a r e  available to 
us o r  to take advantage of the subsyetem hardware that is available to us, and ! 
think we should in tlm 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 i s  about all I 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 a t  this point? 



KRAUSE: I think I 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 temperatwe of bat- 
k r y  cells and capable of individually controlling battery cells. I think NASA 
Lewis is .wrking on that very thing for their silver zinc batteries with the in- 
organic separator to extend the life. I think it is worthwhile if we a r e  consider- 
ing, perhaps, 10 year synchronous satellites with much higher depths of dis- 
charge, than we a r e  operating a t  today, individual cell control mag 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 a t  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 0230-8 procurement and Hughes under their own 
money has continued to cycle these cells and this ,s what Stan was reporting on 
and 1 think I have some of the answeres to some of the questions people a r e  
raising a s  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 cel!. This program was initially with Fairchild and Fred Betz, formerly 
of Fairchild, was the battery engineer nn the program. He worked very closely 
with u s  in 1971 and was running a parallel effort to t ry a t  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 a r e  smarter today as we were then, there a r e  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 a t  least a 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 ccls. 



Now, we have made it a policy a t  Godciard and I think this is a general 
policy for anyone hying 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 i s  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. 

(Slide 70) 

WEBSTER: The engineering cells would be those cells that were manu- 
factured in 1971 and were not stored in argon, but immediately went orr ksts a t  
Crane. The test consisted of a normal synchronous eclipse mode where the 
cells were charged a t  the C/10 rate to a voltage clamp, I believe, of 1.41 volts 
a t  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 a re  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 a t  Crane and this pack represents the flight 
cells. Now these cells were scored in argon until 1973 and were activated with 
the flight cells. They have experienced three eclipse seasons, the last just 
yes t e r i .  . You will notice also that we a re  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 wae to aperate for a period of two years, 
one year over the United States and one year over India where it was to be a syn- 
chranoue orbit satellite with load sharing taking place for approximately a 90-day 
interval over India to support educational televieion programs. As with most 
programs once the bird is launched things change. 



(Slide 69) 

WEBSTER: Wnat we a r e  doing i s  we are taking our engineering pack and 
we a r e  keeping it a s  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 i s  currently going on in the satellite and what i s  going on now i s  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 personilel are considering doing a s  much a s  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 a r e  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 I 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. I t  says ampere-hours returned. That sounds 
like capacity of some kind. I wonder what is that. 

WEBSTER: Okay, let me explain that. During the e c l i p e  mode what you 
have i s  a bell-shaped curve where a t  the peak of the curve you a r e  in shadow 
for 72 minutes and the maximum depth of discharge at that point is 50 percent. 
What this represents i s  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 i s  the voltage clamp 
for 20-some plus hours. You recharge two of those cells a t  approximately 19 
ampere-hours. Where you have extremely shallow depth of discharge a t  the 
start of the eclipse season, where the shadow is very brief, you are maybe only 
discharging seven percent depth of discharge. The cells a r e  essentially fully 
charged, but under this charge design, in this regime, in the 24 hours period we 
are returning 11.6 ampere-hours. 

me 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 a r e  allowed to continue all of the way down a t  the spacecraft rate 
to one volt. The capacity data is taken, the cells a r e  allowed to recharge and 



then continue on with the test and some people will say, "My Gosh, you are re- 
conditioning the cell." That i s  true in a way. We a r e  causing some effect, but 
we a re  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 a r e  obtaining in the vicinity of 18 
to 19 ampere-hours. That i s  on the engineering cell:;. 

(Slide 73) 

WEBSTER: Similar data i s  available for the flight cells. You can see that 
they a r e  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 a s  indicated by the dotted line. At the present time, a s  a 
result of our capacity data, we see that they a r e  delivering in the vicinity of 175 
minutes a t  the 6.25 rate. 

(Slide 75) 

WEBSTER: Now the next program I would like to talk about i s  OSO. OSO 
came along a little later, 1972, The Goddard specification was out a t  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 a r e  the first  cells that have been ary  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 a t  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 ccls. 

(Slide 76) 



WEBSTER: This i s  a curve of typical performance data taken from the 
C r a ~ e  test. If you care to follow this test it i s  pack 7B. The mission require- t 

ment i s  for a 36 minute discharge and a 60 minute charge a t  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 i s  for 10 degrees C. You see thst the clamp is reached in approximately 
26 minutes and that the current does taper to 500 milliarnps a s  Stan indicated. 
This represents data taken from cycle 6,389 a t  Crane. The test is continuing. 
We a r e  trying to match the - we a r e  not accelerating this. We a r e  trying to 
parallel the operation of a spacecraft. At the present time the end of discharge 
voltage i s  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 i s  
yes. The way this test i s  being run i s  we have a five cell pack and every six 
months one cell - let me star t  off tl '2 way - on a six month interval we dis- 
charge one cell. At a year interval, two 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 teat 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 i s  sensed a t  the spacecraft buss. 
With sensing a t  this particular position plus setting the value high i t  means that 
the undervoltage for the spacecraft occurs a t  1.17 volts per cell. This is some- 
thing that we do r a t  advocate for the obvious reason which you can see there. 

On the ATS program the undervoltage i s  a t  one volt per cell, This under- 
voltage on the ATS program i s  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 a s  required by the program. 

Thank you, 

Fred Betz ? 

BETZ: I think if they continue with ATS we will have to void the warranty 
for that battery pack, 



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 i s  correct, the excess - what you bave thew 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. 

KUYKENDA LL: Kuykendall, NOAA. The data you showed on ATS, the test 
data, dici =y of that reflect the mod!fied 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. 1 have to put that in the proper perspective. I got input 
from the project management a t  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 
J 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 o r  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 i s  true or not, but anyway, sitting out a t  Fairchild Industries 
ir! a whole spacecraft, ATSF-5, almost totally complete. In conjunction with that 
spacecraft, the initial battery procurement, I believe, i s  for somewhere in the 
vicinity of 300 cells or somewhere near that quantity. The cells which were at 
Gulton bave been activated. The contract  ha^ been cloeed out. Two frost-free 
refrigerators were procured and a lock and the cells a re  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. 



I . . .  .. 

WADHAM: Wadbam, Telesat. I would like to comment on thip business 
of meamring capacity in the minimal eclipse 88880138. As many of you may know, 
we bave a very similar test program running on flight cells and after about six 
eclipse seasons o r  on the 6th eclipse season we got a little impatient and wanted 
to know wbat 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 discbarge from the cells to one volt in the seventh eclipse season all 
except me cell, that one cell still held that voltage up throughout that eclipse 
-son. 

This season we decided we would only discharge one cell to one volt to 
measure its capacity. All the other cells a re  still holding up including the 
seventh cell which has now gone two eclipse seasons since that reconditioning 
and is still holding up, s o  the point I am trying to make is that if anymy wants 
to measure lhe capacity of cells in the battery pack, that they should limit i t  to 
one o r  two samples rather tban the whole pack because it completely screws up 
all your data if you can't compare it now with what i s  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 a r e  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 
Aermutronic 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  feature^ a r e  summarized in this 
slide aad later on in the minutes you will be able to review the details but the 



satellite power i s  provided by a cylindrical solar a r ray  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 o r  GOES and some of the capabilities that i t  has a r e  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 a s  you have seen on the evening 
weather report. Could we have tb.e next slide? 

(Slide 82) 

ARMANTROUT: The battery performance requirements that were origi- 
nally stated or  a s  a re  summarized here, we have a main buss battery load of 35 
watts per battery. Our discharge voltage range i s  28 to 23 volts. Our maximum 
depth of discharge i s  60 percent of the rated capacity. Our peak discharge rate 
i s  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 i s  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 
i t  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? 



(Slide 85) 

ARMANTROUT: Our typical temperature profile, with time, i s  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 a s  five degrees C. and then a s  we exit eclipse 
and get back into charge, the temperature comes back up. The power dissipation 
i s  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 a r e  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 a r e  getting down to  approximately the rated capacity of the hat- 
tery. At the operating temperature range we a r e  prubably 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 f i r s t  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 a r e  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 I 
which i s  operated at a deeper depth of discharge throughout the eclipse and we 
a r e  still maintaining approximately 1.17 per cell  on that satellite and then on the 
second, SMS 11, we a r e  up around 1.2 volts. This shows some of the degradation 
that takes place when you do cycle a t  deeper depth of dischargc ns you approach 
60 percent DOD. Could we have the next slide, please? 

(Slide 69) 

ARMANTROUT: This is the most recent season. One comment that I 
might make about eclipse seasons, I find that in reviewing life tes t  data and 



orbital data that by the third o r  fourth season you have pretty well bottomed out 
as Ear a s  the trend down. Your voltage degradation is going to occur, will occur 
in the first ,  I would say, three o r  four seasons and then it should be pretty stable 
thereafter. Could we have the next slide? 

(Slide 90) 

ARMANTROUT- This i s  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 baeically is my presentation. Are there any questions? I 
would be glad to answer. 

FORD: Leave the slide on. I t  is hard to see from the back of tke room. 
Can you make it any larger? I s  that better from the back of the room? Okay. 
All right, do you want to turn the lights on? 

WADHAM: What type of cells a r e  these and secondly, why did you have 
so  much variation in the end of discharge voltage on these curves on SMS I ?  

ARMANTROUT: I t  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 a r e  operating the satellite in a mode where we have to keep 
our S-band tran~ponder on in high power due to possible failures a t  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 a s  we can while also 
trying to maintain battery constraints. The techniques that we use a r e  not very 
accurate and you get a certain amount of randomness in the depth of discharge. 

In addition, we a r e  also trying to maximize the amount of data that we can 
obtain during the eclipse s o  we a r e  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 i t  i s  and some days it is as 
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 also 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 - 



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 
 demand^ ubually go up for operational reasons. Now we can s i t  here and be cur- 
ious as far  a s  battery engineers but we also have to face reality once that satel- 
lite i s  up there. The satellite program office usually i s  faced with some very 
crucial choices, particularly if they have a component that i s  subjected to failure. 
They are trying to maximize the useful life of that satellite and i t  might not be 
conducive to the useful life of a battery, s o  therein i s  where the trade-off begins 
so  in keeping with what was said yesterday, i t  seems like there a r e  inconsistencie:. 
sometimes when we look back on these meetings, and yet I think there i s  a lot of 
consistency in what i s  said. Basically, that we a r e  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 i s  a lot morc frequent than the known. 

KRAUSE: Krause, Hughes. On that last  slide of yours you shoved a five 
year curve. I s  that a test curve o r  an extrapolation? 

ARMANTROUT: That i s  a test  curve. We have simulated on an accelerated 
basis the eclipse profile and that Vvas the dificharge characteristic at the maximum 
eclipse. 

KRAUSE: What kind of acceleration do you do? 

ARMANTROUT: What we do i s  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 loaeing than originally designed for and we 
have some data which shows - and I don't know whether there i s  anything magic 
about 60 percent o r  70 percent, but at l a s t  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  characteristice, that a lot of the data that we have had 
at cell discharges that are somewhere around 70 to 80 percent depth of discharge 



ARMANTROU'I': I would reinforce that. In fact, to answer Paul, I M i e v e  
that a8 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 
a s  far a s  the voltage degradation is concerned and Don Briggs will be comment- 
ing on that a little later. 

ROGERS: Rogers, H q h e s  Aircraft. Just a brief comment on what you 
just said; in tests we ere 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, i t  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 t ~ p i c  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 i s  to build hardware and 
to build i t  a t  the lowest cost that we can to meet the requirements of the mission. 
I want to make a statement rektive to cost because cost i s  what we a r e  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  i s  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, 1 would like to present part  of the development of the NATO III 
battery which i s  an extension of tka 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 
Ptcher who I feel now ie 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 I11 battery which the simi- 
larity to the SMS battery will be obvlous. 



indicate that the end of discharge voltage curves a r e  quite different and that you 
begin to really need reconditioning and that a t  the higher depths of discharge you 
need reconditioning down to zero volts a s  opposed to one volt per cell. 

So 1 guess Floyd's comment just turned me on about the fact that we nre 
talking about 60 percent but I think we should all realize o r  be attuned to the 
fact that we talk about higher depths of discharge, assuming tbat all cells work 
approximately alike and where we have tested a lot of different celle from dif- 
ferent manufacturers we see this repetitive pattern. As you go into your 75 per- 
cent depth of discharge you need reconditionirlg and a t  the higher cell DOD you 
need reconditioning a t  zero volts in order to get performance and maybe Scott 
will be showing that hter 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 you plan on those 
numbers to begin with what happens when the spacecraft operational people get 
a hold of it and want to go a little - you don't have any margin left. You a r e  
dready reconditioning. You a r e  right a t  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 infarmation that was presented yesterday, it i s  my firm belief that 
reconditioning, the need for it, is being built right into the cell. Now when 
you look a t  what happens when you try in the near-earth orbit test yesterday, 
when you try to get the capacity out, i t  i s  not there and it was related to the 
electrolyte starvation, so  a s  a conjecture on my part, I have seen indications 
that the capacity to one volt, if the fall-off of that i s  electrolyte management 
problems, and that if we can get more electrolyte in the cells we a r e  going to 
see that these cells will last longer o r  the capacity degradation of one volt i s  
going to be less than w h t  we are seeing now. 

Now the second pbrt, the voltage degradation, I have not seen any indica- 
tion that that softening and degrading of the discharge voltage i s  going to be 
enhanced by more electrolyte, so I am suggesting that we look a t  two funda- 
mental mechanisms which may be interrelated but indeed are different, that the 
capacity loss that we a r e  experiencing, whether i t  be near-earth orbit o r  syn- 
chronous orbit, i~ very dependent on electrolyte. Where there i s  a voltage loss, 
it i s  going to be reflected in a capacity lose too, but in cell tests where we in- 
crease the electrolyte level, we have Been the lower plabau come in but we 
haven't seen the capacity loss, so I am suggesting that the voltage plateau, the 
voltage degradation, ie  perhaps a function of the nemtive electrode. The capacity 
degradation ie a function of electrolyte starvation. 



BRIGGS: The next one. 

(Slide 92) 

BRIGGS: This battery is a 20 ampere-hour rated battery delivering a d  
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 presenta some of the data, and aa I present this data 
I recognize the difficulty of following it, It will b p r e w n t d  in the procctsdinge 
and we will be glad to discuss it on an individual basis if you have questions. 
The main featurea of tbe k t t e ry  cell are that it uses stadard state of thr: art 
electrochemical technology. We use a thin stairlees steel case with a &I 
ceramic seal. The battery aaaembly i s  20 cells in parallel and I aun going to 
skip through this. 

SPEAKER: Series. 

BRIGGS: What did I say ? 

@EAKER: Parallel. 

BRIGGS: I am sorry. I am trying to read and talk too and I elm ldnlt do 
that. 

The current etatue of the battery is  tbnt the flight qualification test8 b v e  
been completed. We have five years of life test performmm which is identical 
to the synchronous orbit cycle testing that John deecribed for tbe lPYIS cells in 
batteries and I have got a little bit of data to present. Flight b d w a m  prucbic- 
tion includee 14 assemblies that have h built today which i s  pre~rglted to 
establish the fact that this i s  a production item. 

(Slide 93) 

BRIGGS: The next elide presenta the development of tbe UgbtweigM tach- 
r~logy. Tbe first battery wan our Skydent (?) I battery with tbe co~lvenLioau1 
packaging deeiga. We then went into tbe -/GOES type battery which used tbe 
structural desiga that we are currently pumuing. producing a 5.8 rnCtbav per 
p o d  a t  60 percent depth of diecharge and this is a wable energy c)erudty. 



The following battery was one built tbr 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 kttery built for Fred Betz using 
six ampere-hour cells with 22 cells in series and tbe total weight of this battery 
is 13.75 pounds producing a kttery with about an eight percent packaging factor. 
Asin,  the main emphasis has  L x n  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 III 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- 
quirements as guidelines for mechanical engineering. The same technology is 
being used producing 11.2 watt-hau per pound, 60 percent depth of diecharge, 
which has been verified by our flight test data for a commercial program. 

BRIGGS: On the next slide we project our hapeN developments. The new 
design that we currently have has reduced the depth of discharge to 55 percent 
using an advanced lightweight container design, 89 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 .o 35 percent depth of discharge on the negative electrodes. 
If you will notice in what we project, tbe AFC-7 deeign, we are looking in our 
R & D studies a t  Ford a t  something Uke 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. 



BRIGGS: The most impressive thing i s  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 111 program with the equilibrium temperature 
during overcharge in the neighborhood of 21 degrees C. o r  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 provi.des, you can't lose sight of the fact that i t  i s  a functional part of 
a big system s ~ d  you have to evaluate the penalties you pay and in a synchronous 
orbit spacecraft these penalties a r e  weight, power, power consumption, and one 
of the main things we must t ry to do is to find out what the minimum charge cur- 
rent i s  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 i t  and what I 
would like to do i s  go over to the next slide - 

(Slide 100) 

BRIGGS: - and state that after all the tests that a r e  up there which were 
done on our development program, the capacity of the battery i s  24.7 arnpere- 
hours, very close to the original capacity that we had before we started the de- 
velopment tests. Included in this data i s  things like insulation, resistance, 



impedance measurements, all of the typical standard battery type performance 
measurement& 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. 1 
would like to point out relative to an earlier comment, that the battery consists 
of 20 cells. At every other eclipse season cells 11 through 20 a r e  - 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 i s  a noticeable difference in cell 
voltage a t  the end of discharge a t  our maximunl 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 a t  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 o r  a maximum design potential 
of around 50 percent DOD. Using the advanced design we can increase the 
energy density a s  high a s  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 
a r e  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 paund 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, i s  to 
optimize the energy storage for synchronous orbit missions with a seven to 10 



year life time, improve the component reliability, and try to increase the energy 
density as much a s  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 bsis 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 maintainsd standard 
plate loadings, which I feel is very important, and to evaluate the electrochemi- 
cal electrode process which we have discussed in rather detail yesterday. 

If we do those and we hit the design numbers tbat we are anticipating, we 
will produce a b t t e ry  that will have an equivalent energy density and this is the 
energy out compared to a standard battery design o r  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 tbe 
weight savings to the spacecraft as we go from one design to the next, starting 
with the conventional design for a me kilowatt battery in the neighborhod 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 amther 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. 

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 thhing down cell cases and doing battery engineering at the battery level, 
Two things, as I say, just a s  a perepective, this 4mf~rmation, No. 1, with regard 
to the accelerated life test extrapolations, we have run both flve year real time 
tests.and five year accelerated tests and I find it difficult to eee a reasonable 
correlation from the five years of accelerated tests to five years of real time. 
I am sure you know tbat things happen during long eoletice periods and on a real 
time baeis that do effect the outcomes of those extrapolations from the acceler- 
ated test. 



Secondly, I guess the NATO III batteries a re  operated a t  a 30 percent DOD 
in the system and with a 22 watt-: m r  per pound battery weight, that i s  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 i s  60 percent 
DOD. On most of them, and we run fairly conventional locomotive type h t te r ies  
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 
per spec tive . 

BRIGGS: I would agree with everything that Stan says and a s  I minted out 
in the developme~t in our commercial programs the NATO III battery is operated 
a t  60 percent DOD with an effective energy density of about 11.2 watt-hours per 
p o d  at  60 percent and this is usable energy density. 

GOLDSMITH: Okay. Goldsmith, TRW. There a r e  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 III that appears to be able to survive 
five years at 60 percent depth of discharge or  45 or  30? 

BRIGGS: That is correct. 1 am saying that I have a design of the NATO 
111 battery based upon the life test data that we have to date which is not as con- 
clusive a s  I would like, that I have committed to a flight program a t  60 percent 
DOD. 

GOLDSMITH: But Stan was saying something about NATO III flying a t  
30 percent. 

BRIGGS: The NATO III spacecraft i s  designed for a 45 percent depth of 
discharge with one battery failed. It i s  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 
a t  65 percent depth of discharge for a slated five year mission with some per- 
turbations. I think that Stan's comment relative to the stand time i s  very im- 
portant. It i s  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 e m h a s s i n g  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 i t  
i s  good or bad." I can give you data that says i t  i s  good. I can give you data 
that says i t  i s  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 



so  on, the weight numbers are very compatible to what people a r e  projecting for 
nickel hydrogen and there a r e  a lot of dollars going into nickel hydrogen and - 

BRIGGS: Thank you, Paul. 

GOLDSMITH: The numbers you a r e  projecting for advanced development 
cells are even lighter, larger energy density than what people are projecting for 
nickel hydrogen, so  that i s  very interesting. 

The other interesting thing is, of course, that NASA is standardizing on a 
cell which i s  like 1/2 o r  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, a s  you do 
and Stan does, have a variety of customers. There a r e  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 cr i ter ia  that they a r e  after,  a r e  important considerations when we design 
a power subsystem. You know a s  well a s  I do that the Air Force philosophy of 
design which i s  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 fo r?  

BRIGGS: Do you have a number, John? 

BARNETT: In random vibratior!. 

BRIGGS: 18 GRMS. 

BARNkTT: GRMS. Is  there any spectral density, G, per  G ?  

BRIGGS: I haven't looked at that data in over a year so  1 really can't com- 
ment on that. 1 would be glad to supply the answers. Can we have your name? 

BARNETT: Mine? Barnett, Rockwell. 

BRIGGS: 1 a m  sor ry  I can't answer the question. John is the battery engi- 
neer and he has got numbers but - 

BARNETT: How about the lightweight? 



BRIGGS: The advanced lightweight o r  the NATO 111 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 i s  being 
utilized to get the advanced lightweight? I mean what basically i s  being improved 
o r  being done to it, in general terms? I don't mean specific details. I am con- 
fusing the lightweight with the NATO. You a r e  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 o r  a r e  we talking about just applying present technology? 

BRIGGS: Floyd, I think the answer is both. I think we a r e  taking, and this 
is Ron's work predominantly, and it  i s  work that i s  going on right now. He i s  
looking very carefully a t  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 i s  R & D work 
that we a r e  doing to try and figure out where we can go from where we a r e  now. 
We feel we have gone a long ways. 

FORD: But i s  there new electrode technology involved? I s  it  something 
being done that we a r e  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 a s  being the limiting 
design cri ter ia? 

BRIGGS: Marty, we a r e  not trying to freeze it. That happened to be a 
number that a s  we reviewed the d: ta from Crane and reviewed data from test 
programs that had shown success!. .1 results, that ntimber 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  i s  the result of a study that we did 
where we knew certain types of cells had certain negative to positive ratioa. 



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 a t  this point in time. It hae proved successful. I believe we could prob- 
ably, with the proper test program, perhaps go more. 

BRIGGS: I t  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. 

MLLON: Dillon from JPL. I have got a question about your NATO III 
design. I really can't see it too close because we are so far  back here, but a 
question I have got is regarding the thermal control of the design that classically 
with batteries, aerospace, spacecraft batteries, you are conducting heat o r  radi- 
ant heat exchanges. Do you do the same, is the same concept there ? It  really 
isn't clear by looking at i t  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 i s  controlled by heaters applied to that end plate 
which 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? I s  there 
any - 

BRIGGS: That i s  part of the design and the conduction between cells, to 
have these intercostals o r  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 al l  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 baul like five o r  seven years is  plate swelling. 
It  appears to be a function of depth of discharge and intor-electrode space is 
critical as a result of the plate swelling, as a result of the need to retail clcc- 
trolyte in the separator and as a result of the need to pass gas through i t  and I 



would express some concern that if a cell case i s  thinned down too much that the 
mechanical compression on the cell over a five o r  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 h c e .  I am not trying to say anything nasty, Lee. Everybody's 
plates swell. Eagle Picher plates do swell like everybody else's and I would be 
concerned a k u t  trying to  squeeze down too hard on the cells. 

WEBSTER: Fred?  

BETZ: Betz, NRL. I want to make a statement that kind of t ies in with 
something Stan said ear l ie r  and the gentleman from J P L  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 i t  on a honeycomb and we couldn't get the laterial heat transfer. 
We have got boxes mounted around i t  with various dissipations and where that 
battery was located in the spacecraft it literally had to have i ts  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 i t  into the space- 
craf t  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 a r e  putting the weight right back in 
for thermal control. 

BRIGGS: That i s  true. Anyone who loses sight of the fact that a subsystem 
i s  a subsystem o r  a battery i s  a battery unto itself, what we a r e  building i s  satel- 
lites and satellite systems and the system approach to thc whole satellite is ex- 
tremely important. 

WEBSTER: Can we limit i t  to two more questions? We have 1G speakers 
today. 

BRIGGS: Yes. I a m  aware of that. Dr. Maurer ? 

MAURER: Maurer, Bell Labs. Would you define just what you mean by 35 
percent depth of discharge on the negative? Are ycu referring to measwed ca- 
pacity, theoretical capacity, and 35 percent of what? 

BRIGGS: John? 

ARMANTROUT: Measured capacity and the 35 percent would be based on 
that, the flooded capacity test. 



MAURER: I s  i t  35 percent in the cel l  in the discharge s ta te?  

ARMANTROUT: If you vent a ce l l  and flood i t  and overcharge i t  and then 
go into reversa l  until you s e e  minus 1-1/2 volts and measure  that capacity, that 
i s  the excess  negative that we are talking about taking 35 percent of it. 

PALANDATI: Charlie Palandati,  Goddard. There  i s  one a r e a  he re  that 
you mentioned a few minutes ago that i t  i s  weight, not dollars. I think you wili 
find i t  i s  dol lars  and that goes back intn 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 s i lver  zinc, two 15 ampere- 
hour s i lver  zinc, three  ampere-hour s i lver  zinc,  and a half ampere-hour si lver 
zinc battery t o  put that vehicle in orbit. You find that the Delta vehicle ilas been 
used for 105 missions and i t  i s  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 miss i le  
o r  something like this because the cost  of that Delta i s  essentially looked a t  as a 
standard launch vehicle. If one looks a t  the net generation of rocket to put the 
satellite in orbit  and looks at the actual cos t  i t  increases  by factors of three ,  
four, and five, and this i s  why the weight is s o  cr i t ica l  in every satellite because 
of what the capability of the launch vehicle is. 

BRIGGS: Yes, my ~ o i n t  was  that i t  was not the cost  of the battery. It a l l  
reflects back into dollars. Mr Dunlop's statement yesterday looked a t  the oper- 
ational dol lars  for lifetime, the dol lars  for  launch. It a l l  re la tes  to dollars. It 
a l l  i s  a cost ,  whether you pay for i t  in reliability, whether you pay for it in \\.eight, 
whether you pay for i t  in performance. I t  is dol lars  and that is the business, 
gentlemen, 

Thank you very much. 

WEBSTER: Thank you, Don. 

Our next speaker will be Dr. N'ill Scott substituting for Dick Sparks frotn 
TRW and according to my information there  will lx three  separate sys tems  dis- 
cussed. One will be fleet SATCOM. One will I>e thc M35 hatter;. and the las t  
will be the onc kilowatt battery design. Dr. Scott? 

SCO'I'T: As advertised, I a m  going to prescnt  tcs t  data and some orbital 
data for actually four different kinds of Iuttcrichs, one in ndtlition to the onc that 
Rill mentioned, a second - the M.75 i s  an Air 120rcc sp:lcecraft system and one 
other Air Force  system will be included in the prcscntation. 

(Slide 105) 



SCOTT: Firs t  I will start with ground tcst  results. The f i rs t  system that 
I would like to talk about i s  the fleet SATCOM satellite system which i s  still in 
the manufacturing stage and has not as yet flown. The testing that I would like 
to describe i s  that of a life test of two half battery 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 a t  it in the proceedings. It 
describes some of the details of the life test. I t  i s  a condensed time accelerated 
test, seven to 15 degrees base plate, two different depths of discharge have been 
used, one 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 i s  a synchronous 
orbit application, most of the sunlight period was omitted and capacity measure- 
ments were made only during rcconditioning discharges on the one pack that was 
reconditioned and I will talk about that more in a minute. Chwge control i s  con- 
stant current,  essentially constant current charging to a temperature compensated 
limit which i s  adjustable over a wide range by command in the actual satellite. 

In order to simulate the expected temperature profile on the Imttery, the 
baseplate temperature had to be driven with a controllcr to simulate actual 
spacecraft platform conditions. 

(Slide 10G) 

SCOTT: This i s  a plot of some data from during the f i rs t  eclipse season 
of the life test on one of the packs and I just wantcd to point out that the heavy 
dashed line shows how the baseplatc temperature was programmed to simulate 
the platform temperature projection and the dottcd line is, then, an actual cell  
top temperature profile a s  measured and the upper curve is the pack voltage 
obtained a t  that particular time. 

Now, what I am going to discuss primarily a r c  two types of ct~ta. One i s  
the minimum end of discharge voltage 01)scrved during the longest discharge of 
cach eclipse season during these life tests. 

(Slide 107) 

SCOTT: This i s  plotted here on a semi-log plot for cach of the two packs. 
The scmi-log plot i s  shown here because during the carly part  of thc tcst it ap- 
peared that the voltage plot was nicely linear on a scmi-log plot. As you can scc  
a t  this point where the depth of discharge was increascd to simulnte a failed 
txlttery, the plots no longer were linear on a scmi-log scale, but still IVC rctaincd 
this particular plot to show that diffcrcnce, 



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 application 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 i t  i s  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. thbsequent to this point the battery was, that 
pack was reconditioned by put ,-.:: a resistor on the pack and allowing the pack 
to discharge down to below one ~ o l t  at the pack level and two different things may 
be pointed out here. One i s  the difference between the two packs with the type of 
reconditioning used initially on pack B and one gauge of that difference i s  that if 
you look a t  the difference in the effective cycle life o r  actual equivalent years in 
orbit there i s  a difference down here a t  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 a t  the pack level and obviously a very 
marked increase ;n the voltage performance was obtained out here and you will 
note that a t  this point that completed 20 eclipse seasons which i s  equivalent to, 
without talking about real time yet, 10 years in a synchronor~s equatorial orbit. 

However, i t  i s  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 necessarily that this curve would just continue straight down. 1 be- 
lieve i t  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 i t  aprroars that if recon- 
ditioning i s  of any basic value that f i rs t  of all, a different approach to recondi- 
tioning i s  needed for deep discharge  application^ and I am Caking about anything 
wer 50 percent of that order of magnitude, then i s  required for, say, depthe of 
discharge below 25 percent and below, which a r e  more typical of a law-earth 
type application I t  looks like the effecta, the need for reconditioning, ihe meeh- 
anism for reconditioning, and its benefits w e  different at the high depth of die- 
charge than they a r e  at low depth of discharge, so you can't compare too precisely 



the resul ts  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, i t  appears that reconditioning of a battery with relatively 
few cycles i s  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 
ffre order  of one volt per  cell o r  .9 volts per cell i s  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 sspeciial ly 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 lowor anc! lower voltage as the condition of the battery becomss 
more and more heavily cycled. 

I believe that some preliminary result8 of discharging the battery to a very 
low voltago were presented last year a t  this meeting. I just want to say once 
again, for those of you who might be wondering what i s  happening to the cel ls  tb: I 

are presumably being reversed while these se r i e s  strings are discharged to a 
low voltage, the point i s  that we have determined t h ~ t  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 o r  50 
pounds pressure,  and the rates that appear to be suitable for most cells that we 
have tested so far are in the i m g e  of C/100 0.4 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 irnrlement emergency procedures o r  do fa.lt clearing and s o  forth, s o  
the general approach that this information supgests i s  that, say, if you have two 
o r  three batteries on the line, that you c,ur take your time, discharge each one 
sequentially down, bring i t  back up, and go on to the next one and you do this 
generally whenever i t  i s  convenient betwcen eclipse seasons. 

SCOTT: Now there i s  always a question what i s  the capacity bcyond the 
normal usage conditions? As I said before, we did not measure capacity under 
full load condition6 in this test, but for general information, this i s  a plot of the 
capacity to a n  average of one volt per cell  during the reconditioning discharges 
that were used between eclipse seasons on pack B and you can see  that during 
the use of the f i ret  type of reconditioning the capacity declined down ta a low 



point of 22 plus, 22.6 ampere-hours and then on the f i r s t  tirm after the battery 
had been reconditioned t o  a very low voltage, the capacity measured began tr, 
come back up and then on ths seccnd t ime i t  was a i l  of the way up to 2e ampcre- 
hours  and then i t  began a decline as shown here. 

Now, a n  interesting point, again, here ,  i s  that thcse three  points down here  
i t  was  found out later, were  obtained when the \emperaturc  of the Ix~.sepl:~te dur- 
ing the cycling was  about two degrees  :hove what i t  was  originally s e t  for and 
had operated on during the rest of the test. Our only -xplanarion for this dis- 
placement i s  that this i s  the cffect of two degrccs  difference in temperature on 
the baseplate. Now that  i s  s o r t  of hard to swallow hut that is thc best explam- 
tion I can offer you right now. There  :nay have becn something e l se  going on 
but when we returned the bascpk tc  temperature back to thc original value this 
was  the final point that we obtained during the various capacity measurelr 4.s. 

I a m  told that I have to condcnse eomc of this material  s o  you will see 
some of i t  in the proceedings but I will leave out a fcw hcre  and go on t c  - I h a w  
the other data for the fleet SATCOM which consis ts  of discharge data during rc -  
conditioning dischargcs,  somc of i t  including separate mcasuremcnts l ~ f  the 
positive and negative electrodcs with rcspcct  to the c a s e  to the cel l  -n.hich shows 
roughly which of the two electrodes was  responsible for cell  voltage hchavior. 
I t  indicates generally that initially when the discllargcs down to closc :.o ze ro  
volts were  s tar ted,  the cel ls  wcre  311 negative limitcd and then af tcr  one o r  two 
reconditionings the cel ls  again became positive limitcd. 

The other ground tes t  that 1 would like to cover is that of thc one kw. bat- 
t e ry  made with 50 ampcrc-hour cel ls  that I mentioned yestcrday. Bog your 
pa r  don ? 

GROSS: We can't s e e  it. 

SCOTT: Well, "it" i s  coming up here. I don't h a w  a photograph of "it," 
the hardware, but I want to say that we are testing two one kw. I~a t t e r i cs ,  one 
madc with polypropylene separators  and an essentially identical one, identical 
as far a s  we know, made with nylon separators ,  and they a r e  bcing tcstcd under 
essentially identical conditions and this data, i ihiqk, will hegin to show up somc 
of tho possible limitations of somc of thc statements about the comp:trison of 
nylon and polypropylene that wcre  made ycstcrday. 

(Slide 109) 

SCOTT: Here  i s  a c r o s s  plot of the minimum vollagc on tlischargc during 
eclipse seasons  daring a n  accclcrated test of the two Inttcrios.  1-2, which i s  the 



one that has proceeded the furthest, i s  the one made with polypropylene. 1-3 i s  
made with nylon. These tests a r e  k i n g  conducted at an average temperature of 
around 35 degrees F., fairly cold. The tempernkure i s  being maintained by use 
of heat pipes in this particular systeni and we a r e  using a 12 hour cycle during 
eclipse seasons and six days between eclipse seasons, a normal 45 day eclipse 
season duration. 

Firs t  of all ,  you might note that contrary to popular belief a t  least in this 
case,  the performance of the nylon battery was not a s  good as the pol-ypropylene 
battery, and a s  a matter of fact, woll, this lower line, this battery i s  the cine that 
I mentioned yesterday, had the one lot of less  than optimum performing cells and 
that accounted largely for the difference between these two but still if you discount 
that one lot the performance, then, of the polypropylene battery and the nylon bat- 
tery were essentially identical, a t  least so  far a s  this test has gone. 

Now, not a l l  of the captions got on this diagram and you 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 ihat i s  the reason for the increase in the voltage a t  that point. This 
battery was also reconditioned again down here but it was not reconditioned a t  
any other time during the test, just twice, there and there. That battery ia now 
in i ts  14th eclipse season. The minimum acceplable voltage for the program i s  
24 volts, so it I( ks 'ike we a r e  going to complete the test well above 24 volts. 

By the way, I should point out that this tes t  i s  being conducted - the test  
started out at 82 percent depth of discharge and a s  the voltage degrades the 
depth of discharge has been increasing slightly because this test  is being run 
with a constant Tower load so the current increases a s  the battery voltage de- 
creases  so the ampere-hours out when a given 1.2 hour maximum time p ~ i o d  
increases a s  the teat proceeds, so down here we a r e  up to over 85 percent depth 
of discharge. This i s  a development program. It is not related to any specific 
spacecraft program a t  this time and we were trying to explore the limits of high 
depth of d i s c h a r ~ ; ~  in order ta maximize the energy density of this system. 

A note here, we - well f i rs t  of all, i t  doesn't say hcre but there was 9 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 k t t e r y  worse instead of better 
although I don't really believe that i t  was due to the effect of the reconditioning 
per se, so  because the voltage was getting dangerously near the lower limit, we 
then, after the next eclipse season rcconditioned that battery down to zero volts 
o r  close to zero volts on a resistor,  and the results a r e  pretty startling. This 
shows the following eclipse season and the next one after that with no recondi- 
tioning between these two. 



So, again, we feel that if you a r e  obliged to operate at very high depths of 
discharge in order to meet a certain energy density requirement o r  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 ear l ie r  that we 
would not recommend that a spacecraft be designed initially to operate from day 
one a t  80 percent o r  85 percent depth of discharge. However, in a sense this 
test i s  primarily indicating what you could expect if, from some sudden change 
in the system o r  some failure, that you were forced to operats a t  this high a 
depth of discharge. In addition to that, there i s  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, a t  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 tes t  
of tne batteries, in te rms  of programming. We have four packs running a t  ap- 
proximately the same temperature as the battery, around 35 degrees. We hate  
another four packs running at - with a 70 degree baseplate. We a r e  using a di '- 
ferent simulated sunlight season period between each of the four packs a t  each 
of the two temperatures. The point of this i s  that we a r e  trying to get data which 
will answer one of the questions raised a little bit ear l ier  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 a d  extrapolate to rea l  time in order  
to determine what the results of that tes t  would have been had i t  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 a t  35 degrees a r e  doing rather 
well. Incidentally, three of the cells in each pack are polypropylene and three 
with nylon. "I e nylon ones a r e  doing somewhat better than the polypropylene 
ones a t  the low temperature. 

I Look a t  what i s  happening a t  85 percent depth of discharge a t  70 degrees. 
I We a r e  getting a very rapid degradation in the voltage. At this point in the test 



the cells essentially had failed as far as supporting the mission requirement are 
concerned, s o  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 i t  looks like the same thing i s  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 a r e  going to continue to recondi- 
tion in this way every eclipse season for a while to s ee  whether we can maintain 
even these packs even at this high temperature and the high depth of discharge. 
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SCOTT: I will show you one more if I may. This i s  a combination of one 
ground test which is the labeled life test, 40 percent depth of discharge with no 
reconditioning. The dashed line i s  orbital data for that same battery in flight 
where, for the f i r s t  two eclipse seasons there was no reconditioning. Then they 
did one reconditioning after this point and we a r e  here on the next eclipse season 
and then they did two reconditionings in a row between here and here and now 
this i s  the last  data point available. In this case the reconditioning is only a dis- 
charge a t  a moderate rate down to about one volt per  cell a t  the battery level. 

The upper curve is all flight data. I t  i s  a pretty smooth curve. It  i s  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 o p ~ r a t i n g  
conditions. It allows one to utilize a higher depth of discharge and therefore a 
higher design energy density on the battery and that i t  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. Rdph Su1liva.i of Applied Physics Laboratory 
and he will be discussing the Transi t  and SAS battery performance. Ralph? 

SULLIVAN: Bill Webster has politely informed me that I a m  standing on 
a trap door which he i s  going to 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 a r e  built, a t  least in part, 
by the Applied Physics Laboratory. The f i rs t  type i s  a Navy navigation type 



satellite and the second i s  a Goddard managed SAS, Small Astronomical Satellite 
and I would like to just draw a simple-minded picture on the board here for a 
minute for talking purposes. This i s  the earth and navigation satellites a r e  near- 
earth orbits and I will represent the plane of their orbit by a line north-south 
through the earth and the SAS spacecraft a r e  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 a r e  a constellation, actually, of about six satel- 
l i tes but we will just talk about one of them for the moment. If we consider the 
situation where the sun i s  normal to the board, both of these satellites a r e  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 i s  in the plane of the blackboard, the SAS spacecraft i s  sti l l  
experiencing the 36 minutes eclipse time. The Transit spacecraft, however, a r e  
in 100 percent sun. 

The basic difference, then, between the satellites i s  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, 
2 1  percent depth of discharge. In the case of SAS C, 24 percent depth of discharge. 
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SULLIVAN: I will skim through the f i rs t  slide. We a r e  comparing, clearly, 
not just apples and oranges, but apples and bananas here. This i s  the Transit  
spacecraft. I am comparing three of them o r  averaging three ?f them, I should 
say, from say back in 1967, average cells built in the mid-six1 The SAS B 
spacecraft was launched three years ago. The SAS C spacecra.~ ,IS just launched 
last  spring. 

Let us skip over the r e s t  of the nonsense and get down to the bottom line 
through the us11a1 simple-minded calculation. It i s  anticipated that this should 
have a 50-month projected lifetime based upon that curie that shows cycle life 
versus depth of discharge and that i s  a s  i t  should be. The Transit  satellites a r e  
an application type satellite. 

The SAS B had a design cr i ter ia  of one year minimum and the projected 
lifetime was 22 months and 17 months on the SAS B and C respectively. 

(Slide 113) 



SULLIVAN: Now, a t  the r isk of Bill actuating that trap door just a little 
sooner than he expected to, ! would like to tell a story and that i s  about a man 
standing -.I the ccrner  in Belfast, Ireland one dark night and another man walks 
up behind him 2nd sticks a gun in his back and says,  "Are you Protestant o r  
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, a s  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 
i t  las ts  a long time and I feel as though the systei l~ i s  getting shot to hell every 
time I t ry  to do that. 

We started way back with a very old simple system. The Transit  system 
looks very much likc vou see  here. A simple solar cell a r ray  charging a battery. 
You worry about over-voltaging the battery so  you put four zeners acrcss  it and 
those a r e  four actual zeners. There i s  a lot of line resistance worry, about what 
voltage we a r e  actually reaching on a battery i s  really not determined because 
there i s  a lot of line resistance on the battery leg. There is a lot of line resist-  
ance in the Zener legs. 

It  i s  a witch to analyze, but it i s  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 
to do that again. We a r e  going to do something we can analyze," so we put the 
battery cells a l l  on one pack. These a r e  not a l l  in one pack. There a r e  eight 
cells in this battery pack spread throughout the spacecraft, I)ecause we ccjuldn1t 
fit them al l  in one place. These a r e  all  in one battery pack. We monitored the 
temperature and we se t  a temperature compensated voltage limiter on there which 
1 am sure everybody i s  familiar with, these days, and i t  drives this shunt. That 
system alone would have worked but we wanted to add a redundaiit system and 
we also wanted to t ry  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 i s  a little bit misleading because at  the end of that time we cut down 
to a ickle charge level which would vary between three and 600 milliamps dc- 
pending upon battery temperature, s o  by the time we finished that trickle chnrgc 
period we would have probably have put back in not 105 percent but something 
closer to 115 to 20 percent back into the battery. 



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 a s  the battery aged we would step up to a higher voltage, 
a quarter of a volt higher than the f irs t  voltage limiter was set. 

We changed the coulometer concept a little bit and we decided we would 
like to have it  under ground control variable from 101 to 125 percent return but 
now when we cut down to a trickle charge level, we cut down ta 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 a r e  doing, then, if we knew what we were doing, 
going from the simplest system to tke more complex system, we should have im- 
proved the battery performance. 
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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 f irs t  time we used General Electric cells. We 
thought we had a problem with one of the cells in the battery pack. I t  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, 
Vhoops,  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 a r e  experiencing almost the same 
t l  .ng, if anything, worse, with the Gulton cells and my point here today i s  that i t  
has little to do with the battery cell manufacturer. I am not sure exactly what it 
i s  due to but I don't think it is due to that. 

The thing that I think i s  important here is that the SAS B and the 2AS C 
a r e  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 a r e  using the 
cell. 

Depths of discharge I mentioned, fairly high on the SAS B, and very low 
depths of discharge on the Trapsit. 
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SULLIVAN: There i s  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 
SAS1s and variable on the Transits but because of our charge control system we 
have quite a constant recharge profile a s  well. The initial recharge rate comes on 
a t  Cl .5  and stays there until you hit the voltage limit, tapers off until you return, 
say, 105percent return, and i t  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 a t  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. 
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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  i s  data only for that situation, s o  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 a r e  not identical 
but they a r e  close enough for government work. I t  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 presentlj have our 
undervoltage detector set and it  t r ips the switch and throws everything off the 
line and there is chaos, panic. 
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SULLIVAN: Okay, when we look at this the f irs t  thing that - the f i r s t  
explanation - if I look a t  the SASVs and say, okay, for a first  approximation they 
are behaving a s  a group. The reason for that, I think, i s  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 i s  another reason. That is a judgment. I t  i s  not something I have 
proven. It is something that I think i s  true. 
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SULLIVAN: What really puzzles me is why i s  there such a difference be- 
tween the SAS B and the SAS C ?  SAS C clearly started to drop off a t  a much 



faster rate  than SAS B did and we pulled various little tricks. As i t  went down 
we switched - we started off a t  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 i s  not shown here i s  we have 
had, after this point, we conti:lued to go on down to about 1.12 volts per cell where 
we decided to do some recorlditioning. 

(Slide 119) 

SULLIVAN: I a m  going to skip over the next three slides because they a r e  
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 i s  we receive o r  purchase more cells than we need. Upon receipt of 
these cells we put so  many into a flight battery, so  marly 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 a t  Goddard. He discusses i t  with 
us  and we come up with a test  program. He sprinkles them with holy water, sends 
them on to Crane where J im Harkness goes ahead and puts them on cycle. 

Now what we a r e  looking a t  up here i s  Crane cells versus flight cells. Same 
cells, same manufacturer, received a t  the same time. There was no selection - 
we didn't discriminate and pick out the best cells and send thc tn the worst cells 
o r  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 a r e  not behaving great they a r e  getting down to 1.05 volts per  cell, the so- 
called "second plateau" a t  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-l j2  ampere- 
hours. This i s  after 2,680 orbits. I t  i s  2,600, 2,400 orbits, very nearly the same 
ki~ld of lifetime. 

If I had to guess and it i s  a guess a t  this point, I would say that t,.. 3e a r e  
acting, behaving, very much like the SAS B cells behaved. I have had to do some 
soul searching acd ask  myself clearly here, clearly the difference behf een what 
i s  happening has to do with how these cel ls  have been treated in orhit  versus how 
these cells a r e  being treated a t  Crane. We tried to make them identical but of 
course we couldn't and we didn't. The only differences that come to mind a s  
being important d re  the Crane cells have been operating a t  a constant tempera- 
ture of 20 degrees in C. In orbit the flight cells havc been operating at a range 



of 14 degrees C. on up to  28 degrees C., but in recent months i t  has been closer 
to 25 to  28 degrees C. range, so  am I willing to buy the fact that fi-e o r  seven 
degrees difference in temperature will produce this kind of a difference? May 
be. 1 don't know. I a m  just raising that as a question. I t  i s  possible. 

There i s  one other difference here and that i s  in orbit I mentioned we put 
the coulometer in parallel with the voltage limiter. I t  i s  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 i t  i s  like 
117 percent return. That number might be a little bit in e r ro r ,  but i t  i s  on that 
order ,  whereas these have started out a t  105 percent return for a long period of 
time, changed to 110 percent return, changed to other various percent returns 
back and forth to t ry  to correct  the situation and I have to ask myself, if perhaps 
with our fancy electronics we have gone one step too fa r  in not allowing the bat- 
tery to go into overcharge, we have perhaps forced i t  to experience low voltage 
faster than i t  would normally have done. 

The only other conclusion I can come to i s  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 le t  the scientists go ahead and t ry  to 
decide why this sor t  of thing comes about. I feel i t  has to be because of the way 
we a r e  operating i t  in orbit and I think, altkough al l  of the things that have been 
discussed so  fa r  here  a t  the meeting about controlling what goes on in the cell, 
controlling the plate loading, controlling electrolyte, all  of these things a r e  im- 
portant, there a r e  an awful lot of things we can do in our charge control system 
to wiggle i t  just a little bit and change greatly the performance of the battery. 

Open for questions. Yes, s i r ?  

GOLDSMITH: Goldsmith, TRW. Doesn't Crane ncrmally recondition the 
cells a s  a par t  of i ts  testing program? 

SULLIVAN: I am glad you asked that. Yes, they did have the foresight, 
Floyd and J im did have the foresight on this program to not do that except that 
they do have a six month period. Anyway, the cel ls  we a r e  showing here  were 
not reconditioned. 

CLARK: Clark from Grumman. One thing you may not be considering i~ 
how would you handle flight battery before launch? Was that battery used in 
spacecraft integration and how well was the condition before launch? 



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 i t  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 i t  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 i s  the way all testing is done, without the k t t e r y ,  
even though it  is installed in the spacecraft. I t  i s  just sitting there dormant. 
Yes ? 

DUN1 Dunlop, Comsat. There must be tons of information in the liter- 
ature on the effects, the difference in performance between 15 degrees C. and 28 
degrees C. 

SULLIVAN: There probably is,  yes. 

DUNLOP: It  i s  bad to operate it at 28 degrees C. 

SULLIVAN: Well, that was an uppm range, but i t  i s  btill  operating - all  
right, 25 to 28, and that may well be part  of the problem. 

I-iARKNESS: Harkness, Crane. For clarification, the current recharge on 
a battery pack a t  Crane is around 112 percent, not 117. 

SULLIVAN: I am 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 longer now, between 27 to 28. The battery temperature 
dwsnlt  fluctuate very much but it is very sensitive o r  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 i ts  life now o r  the latter part  
of the test program. Would you agree with that? 

SULLIVAN: Yes. I really think, honestly, Floyd, I think that somebody 
of a thermal type or  a power type should really look a t  the SAS B and the SAS C 
history and get a number that represents percsnt time a t  temperature because 
although we know the range we really donlt know where i t  sat most of the time 
except in that field. 



FORD: One other point I would like to make, a s  a general comment to 
what bas already been said this morning, I noted with interest the two programs 
tbat have been discusstxi had less than three ccls per rated ampere-hour of 
electrolyte. I also noted that this one had exactly three ccls 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 a re  talking about degrada- 
tion characteristics. I think there i s  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 i s  very important to by to get that one fact established. 

SULLIVAN: Yes, s i r ?  

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, i ts  control accuracy is  all right, but I am sorry, I really 
can9 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 a re  
returning so much more than wc are taking out. 

IMAMURA: Second question, you have got two voltage limes. What was 
the resulting C to D ratio o r  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 i s  more like 115 
to 120 percent. In the case of the SAS C spacecraft we started out a t  105 percent. 
We went to 110 a s  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 i t  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 quee- 
tions here and proceed on. Thanke a lot. 



O h y ,  this par t  of the meeting will be designated as testing but 1 am sure 
there i s  not really that much definition between one section and the other and my 
f i r s t  speaker during this par t  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 i t  is being run a t  Crane. The program started with the 
analysis work that was done on the early testing. This was back in 1963-964. 
We started a program a t  Crane with cel ls  from several different manufacturers 
running under various test conditions with several different sizes and also with 
some design problems such a s  leaking cells, unknown plates and other quantities 
in that. As we began the analysis i t  tended to show a direction toward prediction 
but we were operating with so  many variables and so many factors that we didn9t 
have control over that a t  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 a t  our statistical group a t  
Crane along with Dr. Anderson from Purdue University developed a test  matrix 
with ~ o m e  specific designs in it. The one we a r e  working on now has six ampere- 
hour sealed nickel-cadmium cells with various amounts of precharge, amounts of 
KOH and KOH concentration. These a r e  se t  up in five level increments s o  that 
we can evaluate their effects. 

These cells,  then, a r e  placed on test  under various temperatwe 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 c ros s  reference and 
cross  evaluate the effects of the various variables that we have in there. The 
complete test design i s  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 bcen ~mpi l ed  
a t  Crane, a baseline test  which gives us  the preliminary information on which to 
begirl to base some of our rcsults, and he accelerated test  itself where the cells 
a r e  put on at a matrix rate and run. Once they have completed testing wc run 
through a post cycling test. That i s  followed up by a chemical analysis and physi- 
cal analysis. Since we don't really have the time to go through a l l  of the various 
combinations of testing, I have picked out one a rea  that I would like to  look a t  
today to give you an indication of some of the analysis that we have been able to 
s ta r t  looking at. 

(Slide 120) 



MAINS: The a rea  that I have picked out i s  the physical variables to s ee  
how they effect life. On the graph here we have plotted the average end of dis- 
charge voltage, showing, then, the high and low cella in the group, a lso the aver- 
age pressure a t  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 co~~lpleted tests. Others have, so i t  will he a little bit hard to compare 
them on total life, but on€ thing that has been showing up i s  that tho voltage in 
general i s  fairly consistent. Another thing that i s  fairly consistent too iu a s  a 
cell begins to show rapid voltage decrease its pressure will begin to show a 
ra#d increase. 

HELLFRITZSCH: What temperaturc i s  that? 

MAINS: These a r e  all  run at 40 degrees centigrade. 

HELLFRITZSCH: Depth of discharge ? 

MAINS: Well, let me go through all of these. They a r e  run iing a t  the 
same electrical conditions. They a r e  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 i s  taken s t  the end of charge? 

MAINS: No, the pressure measurement i s  a t  the end of discharge. 

DUNLOP: I s  that the highest pressure o r  the lowest? 

MAINS: Well, the solid line i s  the average. 

DUNLOP: I know, but over the cycle, does that represent the high presbclre 
o r  the low pressure? 

MAINS: No, this was not really taken in& account. We just go for the 
highest. I t  i s  intended to be the same al l  of the way through. Now as far a s  the 
end of charge, it will be the highest pressure,  but again, the high cell  was high 
from the beginning of discharge a l l  the way through the end of charge. 

GOLDSMITH: 90 minute orbit? 

MAINS: No. I will have to look. This i s  on a variable time, each one of 
them dc.r)ending on the charge rate  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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MAINS: This i s  the nuxt rate. This i s  a t  the - well the first  one was a t  
the lowest concentration of KOH. This i s  a t  the highest concentration uf 38 per- 
cent and again the voltage i s  fairly constant. The pressure on this one shows an 
overall increase and the life appears to be slightly s h o r t ~ r  for the 22 percent 
than i t  b e 8  for the 38 and again we have a test running. 
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MAINS: This curve i s  the median o r  the mole test a t  30 percent. I had 
hoped to try to overlay these but sinc the  graph^ a r e  the same color it  gets 
kind of confusing and again this will be true of all of them. T!~is i s  the middle 
condition of all of the tests that a r e  running and the pressure on th is  on remains 
fairly low throughout life. Again, a s  we have Eailure occurring the pressure 
begins to rise. 
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MAINS: The next condition that I compared here i s  the percent of recharge. 
This i s  the one with the lowest percentage and this one is with the highest 
percentage. 
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MAINS: After evaluating this they really didn't show any distinct vari,ltions 
up o r  down so in this sense a t  the moment we a r e  saying that from indications the 
percent of recharge doesn't appear to have much of an effect. 

GOLDSMITH: Percent of recharge? 

WAINS: I am sorry, the precharge. 
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MAINS: Tho next group that was compared WAS the amount of electrolyte. 
This i s  the battery with the smallest amount a t  17 pcrcont and on this one the 
lowest amount seemed to show the highest $r-.ssutz r i se  and again, this is  the 
one with the highest amount, the 21 perceti:, and again, the voltages generally 
tenC3d to follow along the same pressure, risifig just prior to failures. 
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MAINS: This is just a graph showing some of the typical cycles of cells 
that have not failed, o r  the batteries that have not failed to date and in order  to 
give you a little more detailed information, I hava a complete list of the ,e l ls  
that a r e  on test and the number of cycles. Rather than covaring 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 fipst three 
cells contain pressure transducers and these a r e  the ones that were plotted in 
the graphs. 'I he 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, a r e  indicated on each 
battery and then the types of failures. On some of these the pressure climbed 
very rapidly, go4 very high. In order  to keep from destroying the cell  they were 
removed on the ry i l e s  liaced. 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 a t  the mi of discharge. We had others that were removed. Some of them 
were removed jecause the cells shorted internally and others were removed be- 
cause the pxck had no other control to monitor pressure,  that a l l  of the trans- 
ducer cells had to he removed and because of the performance we were seing, 
indications were we probably would run iGo pr t ssure  prbblems on the remain- 
ing cells. 

(Slides -28, 129, 130, 131) 

I&-INF. Thank you. 

PALANDATI: Mr. Mains ? 

MAINS: Yes? 

PALANDATI: Jack Palandati, Goddard. 1 am just curious, with all  of your 
failures, did you dissect any of th;, cells and actually analyze the components to 
possibly find what i s  the mechanism that seems to b- the point that i s  causing 
all of the problems? 

MAINS: As I mentioned in the talk tilere, the cnemical analysis i s  being 
performed. It  was just one of these things. We couldn't bring everything together 
a t  onn time. I think, a s  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 a r e  analyzing 
the cells a s  they a r e  taken off the test ,  a s  they a r e  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 t ry  and back up. My feeling i s  that we a r e  probably seeing some drying out on 
these cells. I t  i s  not real consistent yet and the chemical analysis will point more 
toward this. 



SEIGER: Do you have the analysis of the gas ? 

MAINS: On the cel ls ,  yes, we have analyzed the g a s  p r io r  to opening them 
UP* 

SEIGER: What i s  the g a s ?  

MAINS: In general  we have k e n  seeing hydrogen, but there  i s  some hydro- 
gen in there  but most  of i t  i s  < vygen that we are getting. 

CI!IN: Most of i t  is what? 

MAINS: Most of i t  i s  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 h a v e  much tes t  data o r  hardly any tes t  data to  
discuss  but we do have t es t s  planned for  these cel ls  over  at Crane s o  briefly what 
1 will present  to you today will be the t e s t s  that we have planned and maybe give 
you a little background on the ce l l s  that were  built a t  Heliotech under contract  
with us. These cel ls  have electrochemically impregnated plates where the proc- 
e s s e s  were  developed a t  our lab, the Ai r  Propulsion Lab a t  Wright-Patterson and 
these a r e  some of the few ce l l s  that you will see  any t es t  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 shor t  while. 

But I will s t a r t  off by showing a picture of the cell. It is a littlc shor ter  
than the 50 ampere-hour cc.11 that most of you a r e  accustomed to  seeing. 
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PICKETT: The capacity of this cell  is actually 50 ampere-hours as meas- 
ured by Heliotech pr lor  to their  shipment of the cel ls  to  the Aeropropulsion 
Laboratbry. 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 
bvo different designs. We have one design using ~o lypropy lene  o r  actually we 
have th ree  designs using polypropylene separator  but the cell  dimensions a r e  
a11 the same for the polypropylene type cells. The nylon cel ls  a r e  a little thinner 



case material. The polypropylene cel ls  have 24 mils. thickness in the case 
material and the nylon cel ls  have 20 mils. thickness in the case  material. 304 
stainless steel i s  the matsrial  used for the cell case. 
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PICKETT: T b  capacity distributing in the cel ls  i s  shown on the next 
Vugraph and it  should be about the same a s  seen in most cells that you buy from 
the various manufacturers today. There i s  not, I don't blink, much difference in 
the capacity distribution o r  the relative capacity distribution. There i s  11 ampere- 
hours of p r e c b r g e  and 55 ampere-hours of working capacity and 16.5 ampere- 
hours of cadmium hydroxide and the non-utilizable capacity i s  estimated to be 
about 21 ampere-hours for the negative plate, and then there  i s  about 10 percent 
of the capacity and maybe more of the nickel hydroxide which we a r e  not able to 
use. 
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PICKETT: These a r e  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 cel ls  with design No. 6, eight cel ls  
with design No. 11 and eight cells with design No. 15. In design No. 6 ,  if you can't 
read that, that i s  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. 
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PICKETT: Okay. For the polypropylene cells which we call the phase one 
cells, these a r e  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 c c l s  
electrolyte per  ampere-hour. The capacity a s  measured i s  50 ampere-hows 
approximately. 
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PICKETT: The other two designs I will just flash up briefly to try to con- 
serve the time. You can get a l l  of this information from the minutes if you de- 
sire.  I t  i s  50 xnq~ere-hours capacity and enough electrolyte. 
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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 resul ts  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 cel ls  maybe to recover some of the capacity. Then after that we 
plan to proceed to an accelerated synchronous orbit  life tes t  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 cel ls  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. 
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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, o r  the loading, some way to find out what the loading i s ?  

PICKETT: Okay, the loading i s  somewhere around 1.9 to 2 grams per  c c  
of void. 

SCOTT: Scott, TRW. You showed a grapri of the utilization of the positive 
and the negative. Was that in the s t a r v ~ d  condition o r  flooded o r  what that you 
got those figures, particularly for the positive where you showed certain per- 
centage unutilizable ? 

PICKETT: Well, the total capacity i s  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  ilnder sealed conditions? 

PICKGTT: Well, I believe the capaci t .~ was measured and you can correct  
me if I a m  wrong on this, Harvey, the negative capacity was measu-ed under 
flooded conditions and that i s  what this i s  based on. 



GOLDSMITH: Goldsmith, TRW. What a re  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 i s  a procure- 
ment I am not going to divulge very much of that except what was mentioned in 
the'cornmerce Business Daily and that is that we plan to make - use this elec- 
trode for nickel hydrogen and 1 think probably in some of the presentations 
tomorrow you will see i ts  advantage in nickel hydrogen. 1 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, i s  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 o r  something 
similar o r  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 here will be made. 

GOLDSMITH: Do you foresee, then, that there may be, a s  the result of 
some procurement exercise, that there may be some companies that will go into 
production? 

PICKETT: Right. 

GL LDSFXTH: Is  that the purpose of i;he - 

PICKETT: Absolutely, and will also make some aircraft cells a s  well. 

GOLDSMITH: Can you tell us anything about the schedules for this? 

PICKETT: V.. ~ 1 ,  I can't predict the procurement cycle, you know. Once 
i t  gets out of our shop and over to those fellows who knows when i t  will be, but 
the best estimate I can give you would probably 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 i s  
with respect to 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 a r e  bidding on the thing plan to use 
i t  in production and this really isn't being handled by the Aeropropulsion Lab a s  



such. This i s  being handled by the Materials Lab and it i s  a manufacturing 
technology program s o  the gist of the thing i s  that we wouldn't even be consid- 
ering i t  if it wasn't going to be something that would not be produced for the 
Air Force. 

FORD: You implied yesterday, a t  least 1 understood you to imply that you 
also a r e  considering them for aircraft  batteries too. 

PICKETT: Yes, I just told Paul that I was. 

FORD: Okay. 

WEBSTER: Okay, Dave, thank you very much. 

Okay, our next speaker i s  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: I would like to go ahead and s t a r t  out wi'h the f i r s t  Vugraph. 
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IMAMURA: I will just show two and a third one i s  a proprietary one. 
Basically, I want to investigate single cell level, battery level charge control 
and the effects in extending battery life in the rar.ge of 13,000 to 20,000 cycles 
which really represents between three to six years  depending on shd lo r  orbit 
or  a little bit longer and secondly, determine the extent of charge control flex- 
ibility required. The one that I took out i s  really our R & D work that we a r e  
doing with the microprocessor, so  that i s  what we a r e  trying to determine, the 
short limited f~nd ing  program. 
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IMAMURA: Our approach i s  to basically - it i s  not really proprietaly. 
I just cut out something that i s  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 :ell 
voltage monitoring o r  the cell  bypass capability i s  assumed, altFough we had it, 
since we a r e  running with the minicomputer, and secondly, on the cell level con- 
trol pack, the cell voltage monitoring and ccll bypass capability i s  assumed. By 
that what I mean i s  we had the hardware capability to do that in a real life vehicle. 



Second, subject batteries to different overcharge levels a t  various tem- 
peratures to determine desirabic charge control methods and I will go into that. 
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IIUMURA: The cells that we use a r e  rated a t  eight amp-hour. G ,  sup- 
plier and the separator i s  polypropylene. Number of positive plates and nega- 
tive plates, 11 and 12 respectively, and this i s  the cells that have been designed 
for the Viking lander and since the cells were available, we a r e  using it in a low- 
car t5 orbit mode although the application here i s  really closer to the synchronous. 
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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 i s  the fact that 
capacity does seem to decay exponentially and it i s  a function of temperature. 
With increasing temperature, of course, you get a decreasing capacity measure 
and relative to changing conditions, after you s ta r t  cycling, once you decrease 
the temperature the capacity will tend to go up and illcreasing 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. 

IMAMURA: These a r e  the test  conditions. I will briefly go through then.. 
Orbit duration i s  84 minutes cut down from a basically 90 to 95 minute type 
orbit, but it doesn't disturb the cycle regime a t  all ,  so i t  i s  essentially a r e ~ l  
time test ,  54 minlite 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   he 
f i rs t  5,000 cycles n7e imposed a 40 degrees C. temperature on a battery and a 
1.1 recharge fraction. Now a s  far a s  the control, you know, voltage limits a s  
such, we opened the voltage limit so that we control by the recharge fraction so 
that we could t ry to bound the prol)lem, isolate the effects of tapering and sulphur 
which really doesn't - i t  i s  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 a s  high a s  1.6, 160 percent of the C to D ratio o r  recharge fracti.,n 
and then various recharge fractions a r e  imposed and what I would like to show 
is  just a couple of key points related to the 20 degree data a t  different recharge 
levels and we will rere,.t this data for testing st different temperatures to de- 
termine what the !?riate rechargc fractivn is. 
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IMAMURA: So I will be talking about just a couple of key parameters. We 
a r e  monitoring watt-hour efficiency, amp-hour efficiency, along with the end of 
discharge voltage which the discharge shows. 

Now, we show two curves. One i s  a cell level control and shows the cell  
voltage on this axis and for one, two, three, four, five decades, and this i s  the end 
of discharge voltage in each cycle and i t  shows that af ter  5,000 c y l e s  we have 
reached almost a one volt level. I don't know whether you can see this. This i s  
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 i s  really sucked into the battfxy, and then reduce i t  to 1.3. It  basically 
stayed there and the intent here mas not to characterize the 40 degree tempera- 
ture. We wanted to ;tart ear l ier  into different recharge levels but out of curi- 
osity you might call  i t  tr ial  and e r r o r  methods, some people may not like. We 
went ahead and changed the recharge fraction at that point and then went into 
different - went hack down to zero degrees, 20 degrees, and repeated the test. 
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IMAMURA: Now this one shows the battery level control, in full and it 
basically shows the same relative effect a s  far  a s  the gain in end of discharge 
voltage and when we changed the recharge fraction, obviously, o r  I guess i t  
wasn't too obvious. I t  dcss  go up. 
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IMAMURA: Nowthis charge i s  a late addition so I apologize if you can't 
see i t  too well, but I would like to just point out a t  6,300 cycles in changing the 
recharge fraction we always wonder how long does i t  take to stabilize aud when 
does i t  s t a r t  going down, so this chart  i s  trying to do that. This i s  1.17, 1.18, 
1.19 end of discharge voltage and on this axis we get one, two, three decades 
showing f i r s t  cycle here, 1,000 and the intent here i s  to cycle i t  just a sufficient 
amount and I feel about 200 cycles i s  enough, but now we know that we should go 
up to about 500 cycles in order  to characterize this linear decay pattern 00 a 
semi-log paper. 

By that what  I mean i s  when it stabilizes within about 50 to 60 cycles it 
starts to go down and sure enough, looking a t  end of discharge voltage i t  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 i s  important, which i s  tcmpcratures, one of the key perturbators. 
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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 
i s  1.1 of the same temperature and one could see  that if you extrapolate the d.25 
from this point on that i t  does show that the life could be extended o r  the higher 
recharge frnction -s better under this condition than 1.02. 

(Slide 148) 

IMAMURA: This chart  shows the recharge fraction of 1.06 a t  the same 
temperature and the slope was such that i t  was better in te rms  of the terminal 
point. If you extrapolate this aU of the way down to one volt i t  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 a s  a quick cr i ter ia  to use instead of running thousands 
of cycles and we feel that 500 cycles is enough. 

Now, to verify this kind of thing, we a r e  running over a long cycle under 
the same conditions, say about 1,500 cycles to see if i t  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 i s  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 o r  a very active device like, say, a microprocessor that can be put in. We 
a r e  working on that, o r  a combination such a s  the coulometer, anything that is 
for changing the condition of the charge, so  we a r e  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 i s  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 c o ~ t r o l  flexibility to that extent, possibly in addition to the re- 
conditioning. You do have other methods of trying to rejuvenate the cells. Thank 
you. 

IIALKNESS: IIarkness, Crane. I noticed that a t  around 5,500 cycles a t  zero 
degrees C., I didn't notice any end of discharge graphs up there. Also, 1 noticed 
that most of your percent you started out with 117 percent recharge and then it 
went down. I also noticed that in the f i r s t  test was 117 percent and you ran it an  
odd number of cycles. I t  only went like PO cycles. All of the other ones ran 100, 
150, 200, but was there any reason only 1 cycles for that? 



IMAMURA: Thc reason i s  I wanted to run only 50 cycles to see  the stable 
point just to try to show a straight line relationship. Okay? Now I don't think it 
was 80 cycles. It  was a b u t  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. Yocl 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 i s  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 o r  reducing the recharge ratio o r  was i t  only when you increased the 
ratio? 

IMAMURA: It seems to do both hut ths question i s  how long does it take 
to stabilize and what i s  the slope once it stabilizes? In trying to optimize what 
the recharge fraction i s  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 a t  
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, a t  that 
temperature again. Now once you go into another temperature this relationship 
doesn't hold but the key here i s  i t  doesn't matter what type of cells you have. 
If you can run tests in that fashion you should De 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 snd you showed ini- 
tially i t  increased and then it started tapering off. I don't understand that. What 
do you a t t r i b ~ t e  that to? The increase, not the decrease? 

IMAMURA: Why do you show that o r  why show i t?  

FORD: Yes, you know, typically you start cycling on a fixed set  of condi- 
tions and the normal degradation curve is one that decreases nvith cycling. What 
i s  that f i rs t  slope? 

IMAMURA: T h i ~  i s  a continualion of a ser ies  of tests and since we a r e  
using two battery packs now, starting a t  60 - in fact the other one started at 
6,300 but it i s  a 150 cycle increment. Oncc you change the condition from the 
last data point, end of discharge, what I am saying is that it has to increase 
and this is the sta1)ilization time of cycles required, 



Now, once i t  reaches  a stable condition i t  tends to drop down exponentially 
which was reasonable under my assumption of the exponential decay now, s o  in 
each one of these changes, once you change the recharge fraction i t  does require  
some t ime for  stabilization. I expanded the scale. Remember,  th is  i s  the f i r s t  
cycle af ter  changing that condition. This i s  10. This i s  100. 
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GOLDSMITH: What change .,id you make there  on that curve?  

IMAMURA: Jus t  the recharge fraction, Paul,  from 1.02 up to 1.1, so  I was  
trying to isolate the one variable which i s  the recharge fraction now. 

FORD: To get the recharge fraction you take, like, 300 cyc les?  I s  that - 
IMAMURA: Well, if you extrapolate th is  curve you k k e  about 1,000 cycles. 

FORD: I mean the positive slope, not the negative one. 

IMAMURA: Oh, I a m  sorry .  

FORD: You know, you are looking - you said you wanted to s e e  the re- 
charge of the stability s o  you suggested i t  takes 300 cycles before you sett le out? 

IMAMURA: Well, this is 1/1,000. 

FORD: Okay, I a m  sorry .  

IMAMURA: So this point i s  about 50 to G O  cycles and i t  s e e m s  to he 
repetiti-;e. 

FORD: That i s  a lmost  a week. 

IPUZAMURA; A week? 

FORD: Yes, a week of testing. 

IMAMURA: We get  about 15 cycles n day now. I guess  that i s  close enough 
for government purposes. 

TIIIERFELDER: 7"erfclder, GE, When you say  you a r e  only cka~lgirlg 
the C to D ratio you are ~ u a l l y  changing the current  too, aren ' t  you? Aren't 
you keeping the s a m e  t ime? 



IMAMURA: Well, I didn't mention about the current. It was a fixed con- 
stant, ~ / 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 i t  part of this .esting. 
Temperature-wise, I think it  is very important since we are running it  under L 
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 nzxt speaker i s  Mr. David Jones of Radian Corporation and 
he will be addressing the subject of state of charge on vented nickel-cadmium 
batteries. 

JONES: 1 am going to talk about the results of a feasibility study that we 
recently completed for the Aeropropulsion Lab a t  Wright Field. We were con- 
cerned with vented ni-cad batteries, these were 22 amp-hour cells. The Aero- 
propulsion Lab wants something practical tht  they could use a s  an  on-board 
tester for state of charge for their aircraft ana tkc: 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 u s  one I t , +  . .  ,!Is %at 
was already kind of fading away inco the sunset to see what wc .. i ' i  , J with 
them. 

We developed the test based on single cell work and then wc e-ct 1 . t U) 
some four cell batteries just to see if i t  looked like it  might be elit:- ! .  , :.: . u1)- 
ward to a multi-cell battery. The basic approach we used wap to 3: - ,  . me 
very short duration high current pulses to the battery and look a t  its ~1:sponse. 
The short duration means one to 200 milliseconds. High current ir.Pa!ls one to 
400 zmps. We looked a t  both charging and dischargc pulses. Under some camw 
we control voltage. Under some cases we c o ~ ~ t r o l  current, and I will show you a 
few of the results we have obtained. 

(Slide 151) 

JONES: On the left we show the type of pulrje that we ended up using. It  i s  
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 



current response and that i s  shown on the right and it  had a peak anci !her! de- 
cayed to a fairly constant value with time. 

(Slide 152) 

JONES: Our most succsseful test i s  listed here. We used a constant load 
discharge for three seconds S C ~ W O  ,''I1 ohm resistor to kind of get the cell's 
attention, a quarter second delay open c~rlcuit and then a constant voltage dis- 
charge pulse to 1.05 volts, This lasted 120 milliseconds. This pulse, incidentally, 
the initial discharge conditioning pulse a s  w e  call it, because we don't collect any 
data during that constant load pulse, removes about 0.4 percent of the battery 
capacity o r  the cell capacity. 

(Slide 153) 

JONES: Again, schematically, this shows the cell voltage a s  a function of 
time during our test, a three second constant load pulse, open circuit delay and 
then a constant voltage discharge prtlse. 
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JONES: Here i s  a schematic of the type of circuit we use. 'She 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 , m e  an op. amp. that controls the current flow through 
a transistor such that the voltage of this cell i s  maintained a t  1.05 during that 
constant voltage ::ischarge pulse. We have a timing circuit uy here that first  
closefi a relay to discharge the battery through a constant load. 
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JONES: And here a r e  Soiile restilts. These a re  single cells a t  75 degrees 
F. You can see there i s  a good deal of scatter there, however. These represent 
a very broad history of cells. In addition, they a r e  single cells. If you make up 
a battery out of a group of those cells there i s  some tendency to average out the 
cell to c j l l  variations. You will notice we go up over 130 percent of full charge. 
The reason for that i s  that some of these cells would actually deliver a greater 
capacity than their stated 22 amp-hours. ' ~ O U  can also see tbt the test response 
we get runs up close to 300 amps for bome cells. 

(Slide 156) 



JONES: I have some r e m l t s  for a single cell  here. There also i s  a little 
bit of scatter for a singlo cell. We repeated several points up in this area and 
I think this i s  in par t  due to our inability to make real accurate measurements 
of our t e ~ t  rssponee at this time. With eome circuit  improvements I believe 
that can be improved. 
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JONES: Here i s  ar. interelrting s e t  of relrults. The solid line here i s  the 
solid line you saw ear8'-r. It  represent8 average behavior of good cells. All of 
these othtr  points repre ~ e n t  some cel ls  which were of gues t ion~ l l e  quality. 
What we did was discharge thse cells and then we added an amount of chzrge 
that would have brought a good cell  up to 100 percent, and then we testid these 
cells and this i s  the response we got. Even though these cells a r e  in various 
grades of defective, they still fit our original curve pretty well, 
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HELLFRITZSCH: I s  that the peak current?  

JONES: I am :y ? 

HELLFRITZSCH: I s  that the peak current?  

JONES: No, that is thc! curreut a t  100 milli~econds. 

HELLFRITZSCH: That i s  wb. t  1 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 r e p r e ~ e n t  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  responw. 
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JONES: W e  also did a little work to see what the effect of temperature 
was and i t  turn@ 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 al a given temperature there is a difference ilr test response depcnd- 
ing on state of charge. For a given state of charge, however, there is an even 
bigg: d i f f e r e n c e  in tes t  response for a large tcmpernture chmge. What this 
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nleans for a practical test is that we are going to have to know the temperature 
f of the cell pretty accurately. 

(Slide 160) 

JONEF .;at we extended this to some four cell batteries just to see what 
wt *t. Wk? ;ve really did was just change all our parameters so that each indi- i 
vidurl cell should see the same test environment as a single cell saw in our 
eai Iier test and this is what we came up with, three second discharge, but across 
.044 ohmes, a quarter of a mend delay and then a constant voltage pulse dis- 
charge to 4.2 volts, again for 120 milliseconds. 
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JONES: This is a plot of the test results we obtained. The scatter i s  de- 
creased slightly by going to four cells and we believe this is because some of 
the cell to cell variations a r e  being averaged out. This work al l  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 s o  much that it really smeared out the variation with state of charge. 
We feel like this is because they a r e  starved for electrolyte. The internal re- 
sistance of those cells varied over quite a large range. Thank you. 

WEBSTER: Thank you. Any questions, comments ? 

GROSS: Gross, Boeing. What happens if you left off that initial discharge? 

JONES: We got a larger swtter, not greatly larger but i t  improved it 
enough we felt like it  was good to put it  in. 

KLEIN: Klein, Energy Research. On the defective cell test, 1 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. 



JONEB. And using that test response we took the m e ,  y m  Inwrm, that we 
developed from gxd cell8 aad predicted a state of cb&uge for tbem. 

KLEIN: Did you verify tbat by then discbarging the cell and - 
JONES: Yes. 

gLEIN: - fiPding that you bad 20 percent rather than 103 

JONES: Right. In all cases these points here represent actual maaeured 
stat8 of cbarge. 

NAGLE: Nagle, Lewis. Is this work published yet? 

JONES: No, the f '  repcrt was submitted about a month ago. Wright 
Field will be coming out with a published report soon. I don't kwrw how long it 
will take them. 

NAGLE: Thank you. 

SEIGER: Is there any dependency on whether you approach given state of 
charge by discharging o r  charging and if so, does that initial pulse effect it? 

JONES: We really didn't examine that much. We did a littie 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 I 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 c b q g h g  an the 
electrical performsnce of vented nickel-cadmium batteries. We have a little 
time for vented this afternoon, this morning. 

We use a G d  rapid charge which was specially designed and constructed 
for us and this particular unit has a wide adjustability as far as frequency intewals, 



of 0 1 1 4  charge time and so forth. The particular hntberies used was a vented 
nickel-cadmium battery prrhich contained five BB 616 cells of 5-1/2 ampere-hour 
raw 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 tamperature ranee check 
wae minus 40 fahrenheit to plus 125. 

The particular input used was 100 percent of tbe theoretical capacity of 
the cadmium W e t s  which in this case was 12 e r e - h o u r s .  The theoretical 
capacity of the nickel cathodes on these cells was 7.3. All of our discbarges 
were run at the C rate at room bmperaaturer 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 
patential of the cadmium dropped to 0.2 volts. 

The first graph, please? 
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SULKES: Employing the Gould charger, it shows the four types of charg- 
ing modes - no, it shuws three. The fourth, of course, is DC. We used positive 
pulse which has no discharge. We call it a Romarrov 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. 
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SULKES: In the next figure - that one came out lousy. Are there two of 
them there? It is marked on top. They a re  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 usirg 
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. 
Aleo, the positive pulsing does not show that great an increase wer the straight 
DC. 

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 



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. 
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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 Fahrenheit 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 a t  the zero energy level which is a t  the bottom repre- 
sent the DC mode. 

From the figure it appears that a maximum capacity for both electrodes 
is obtained a t  a minimum negative pulse energy of 2-1/2 milliwatt-seconds and 
when we put this into practical terms i t  result? in about 10 to 15 percent of the 
energy being in the negative direction. 

An important finding of this investigation was that nickel-cadmium  cell^ 
which had lost capacity due to fade-out o r  crystal growth of the cadmium 
hydr~xide could be restored to their original capacity by one positive pulse 
charge cycle. Next figure? 
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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, a s  you see, 
remained the same. We had 6.9 ampere-hours. The cadmium, on the other 



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 
a t  0.5 milliamps per square centimeter for 200 hours a t  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 a t  6.9 while the cadmium anode had dropped from 8.1 
to 6.5 ampere-hours. A total of 10 DC cycles was ran and was unable to restore 
any of the cadmium capacity. A single positive pulse charge cycle run a t  the 
C/2 rate a t  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 3 
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SULKES: These a r e  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 a r e  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 i s  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 result@ we wanted to find out if prolonged pulse 
cycling would have any deleterious effect on a battery and in thie particular 
case we used a five cell BB 406 battery and we ran it a t  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 capaciQ. 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" ao 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. 

SUJKES: What this would tend to indicate is that pulse charging in itself 7 

will not eliminate memory. If the particular cause ascribed to it, in this case 
by Wagner, was the development of the alpha Nicklic  state due to prolonged F 
overcharge. ." 
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SULKES: Well, we are basically finding some good results with the vented 
cells. We now decided to look a t  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. 
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SULKES: These are  G four ampere-hour D cells. They are  high rate de- 
sign, Pellon separators. They were made a s  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 a t  the range of charg- 
ing rates between C/8 and 2C and over a 'Rmperature range of minus 20 fahren- 
heit to 125. All of the discharges were carried out a t  the C rate a+ two one volt 
per cell. 

The next figure, please, 

(Slide 170) 

SULKES: This figure shows the input and output c,apacities for both con- 
stant current in DC a t  C/8 and the control on the chargc in this case was by 
pressure and it was a t  18 psi mea~ured a t  the switch. In this case, basically, 
it turns out that there was no difference noted between either pulse or constant 
current. 

The next figure? 
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SULKES: It shows the ~ / 2  rate. Again, no difference between the pulse 
or constant current. Obviously, the capacity has improved quite a bit. 

Next figure? 
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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 i s  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 stme so you didn't have a reli- 
able method of controlling other than pressure. 



We also looked a t  temperature control. I think the next figure will give 
you that one. 
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SULKES: Okay. The particular control used in this cam 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:uhr pulee 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 a t  the higher temperatures. That will be all. 

CORNELL: Cornell.' Were both electrodes nickel? 

SULKES: Yes. 

CORNELL: Vented also? 

SULKES: Yee. 

FLEISCHMANN: Fleiechmann, C & D. Do you think if you changed the 
frequency on the sealed cells you would see the effect of pulsing? 

SULKES: I don't know if I made the point but we did look at  the frequency 
on the vented awl i t  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 etrange mechanisms 
going on a t  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 o r  through positive pulse with an amplitude 
of those ratios to aptimize i t? 

SULKES: Yes. If you notice, there was the Romanov and McCulloch they 
were rather striking differenceo. I think we had a three amp. diecharge and I a 
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. disclarge and the particular point that 
wae found wae 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 o r  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 a r e  talking about that cycle life thing? 

FORD: Yes. 

SULKE& No. In other words, we had basic data on what these batteries 
should do and the point that - we were looking a t  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 - a t  somewhere around 1,000 
cycles, so  we consider that had no bad effect. The point about memory i s  that it 
didn't do any different than DC a s  far  as a loss of capacity after shallow cycling 
and the same way you brought i t  right back again, though. Yes, s i r ?  

IMAMURA: Imarnura, Martin-Marietta, When you went into a reverse o r  
discharge, in the case of Romanov, what criteria do you use to test the bandwidth 
o r  how much discharge versus how much charge ? 

SULKES: It actually ended up being about 10 to 15 percent i s  what it  worked 
out. 

COHN: Cohn, NASA Headquarters. How do you explain the difference be- 
tween the sealed and the unsealed cells, the differencs in behavior ? i 

i 

SULKES: Well, you don't have to control a vented battery. You can gas. I 

You can do anything you want. In a sealed one, of course, there a r e  limits on 
what you can put in and perhaps having to work against those limits, in this case 
we use pressure, o r  temperature, we found we couldnlt get any more out of it. 

I think also a key consideration in all of this pulse work is the better the 
battery i s  o r  the closer to optimum performance, the less  effect this type of 
treatment will have on it. It  i s  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 i s  the less you will have it. 



Now also talking about diffusion, you remember in our vented batteries we 
do have at least one cellophane layer plus two woven nylons a s  separator whereas 
you only have the Pellon in the sealed, so  there i s  a less  of a diffusion barrier. 

END OF MORNING SESSION 



AFTERNOON SEmON 

WEBSTER: Our first speaker is  Jim Harkness of Crane and he will be 
talking about storage mode. 

HANKNESS: What they first told me i s  that you a re  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 little bit more difficult. 
What we are going to talk about i s  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 i s  an OAO 20 ampere-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 ie 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. 

Since that time we have also added one more test regime and that is a dis- 
charge O W  test. In other words, it is discharged under the OCV condition. Now, 
every six months, approximately two weeks is spent where the battery packs re- 
ceive three capacity discharges, two zero degree 0ve?~4urge tests and what we 
call an internal short test in which they a re  shorted for - shunted for 16 hours, 
shunts a re  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 a t  the top is the discharge OCV pack. It has only 12 months 
of testing on it since i t  was started later. Also remember that it i s  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 fir& discharge and then the second diecharge. The second dis- 
charge actually follows the tapetr charge. Now this is down to 18 months and 
what was presented in '72 was the 18th month check. 

(Slide 175) 



HARKNESS: The other part of this, as you can see, the C/40 bas fairly 
stabilized. The shorted condition pack has decreased somewhat. Now if you 
look, let ue 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 cell here, was 
removed for analysis. I t  probably sharldnlt have been, but we picked the wrong 
one api I think it was a mistake a t  this time, but this is why you have got an la- 
cream 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 tbsn 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. Ao you can see, the random cycling o r  the integration pack is gone. The 
shorted pack seems to be maintaining I luch better than the C/40. 

(Slide 179) 

HARKNFSS: Now the results of the zero degree overcharge test, thin is 
the first 18 months. Your C/40 on the first 18 manthe looks the beet as far a s  
voltages. Your shorted pack has increased on the first o m  wer to coming back 
to kind of normal on the eecond one. 

(slide 180) 

HARKNESS: As you can see, the C/# 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 eemntially is - we huve put them in zero degrees for ehbiliza- 
tion at ~ / 4 0  for a minimum of four hours. We discharge a t  eix amps, for five 
minutes and then it is a C/20 for five hours. As you can me the pressure limit 
got up too high on tbe Ch0.  The integration pack was way out all of the way. 
You can see why it was discontinued. 



(Slide 181) 

HARKNESS: Overcharge voltage reeulte, the plateaus, a s  you can see, 
what we a r e  ahowing 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 diecharge and 
shorted, your peak has increaeed 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 increa~ed,  

(Slide 183) 

HARKNESS: Your integration pack, kind of looks bad. 

(Slide 184) 

HARKNESS: This is your discharge OCV test. The integratim is  labeled 
wrong and like I say, it has only had 12 m o ~ t h s  to date. Tour pack 2 15-B is the 
discharge OCV pack. it is not the integration pack. It i s  labeled wrong. It was 
labeled right, I think, on the first  one, but 215-A i s  the only integration pack. 
215--B is the discharge OCV. 

That is it. I think i t  was nice and quick. 

WEBSTER: Thank you. Any questions? Dr. Scott? 

SCOTT: Scott, TRW, You a r e  tearing those cells down? 

HARKNESS: Yes. 

SCOTT: Quickly, what do you see? 

HARKNEE?& We see a tsar 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 i s  available. 

WEBGTER: Any further questions? 



SULLIVAN: I am not sure f followed everything you described, but do you 
have an opinion a t  this time for storage o r  would you like to see them store it  
open circuit o r  trickle charge or  what? 

HARKNESS: Initially starting out i t  looked like the trickle charge was the 
one to use after the first  18 months when Floyd p r  m t e d  it. Now, it does look 
liko they a r e  getting worse in the discharge shorted tests. Floyd, do you have a 
comment on that? 

FORD: Two con~ments, two points I think should be realized, that after 48 
months all  of the par& irrespective of their storage modes, had over four months 
of testing on them, so J think in the discharge shorted you begin :o 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 a t  
an 18 months interval it looked bad and this was internal, n.ol 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 shor td .  The amount of electrolyte that was in the separator for the 
r~ndorn 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 a re  getting with t.rickle charging an expansion of 
the plates which we will have physical dimer;sions on, and I think you a r c  seeing 
the effects of this now after four years, but you look a t  it in a real sense what it  
means to us  and the initial purpose of the test was to try to find what the best 
mode was o r  what the optimum mode was for  battery build up and getting them 
to the spacecraft and my conclusion i s  still discharge and shorted. 

HARKNESS: Of course this brings out another interesting question that 
we do this every six months. Now if we would w n  the initial test and it didn't 
do anything for four years how would the batterier. have looked? I cannot answer 
this. This was not the a ay our test was bawd. 

SPEAXER: How about the storage temperatures? 

HARKNESS: Storage temperatures are al l  room temperature, 23 to 25 
degrees C, The overcharge test i s  the only one that goes down to zero degrees. 
Yes ? 



KUYK?3lIMU: ICugbregdrll. In addit!on to the preview problem I have 
talked about in ming the batteries mote thn t b y  rere ever teebed for, we are 

.bOllt storing spacecraft in orbit with the brtteries. Does any at thie data 
lead to recommenchtione about the beat way b hrrrrlle the brtteries in orbit be- - eclipse periods w b m  they are not going b be used at all for 4-1/2 months, 
tbat they could be trickle c h q p d ,  charged off, disclmrged and charged off? 
What would be the best? 

HARKNESS: Doesn't thrt go right in line with yam qrrsstian, Ralph, on which 
was the best mode? I thargbt we said tbot discharge was. 

FORD: Okay, what w have ssen from this storage test, in orbit storage, 
because tlmt is what you are talking about - 

KUYKENDALL: Right. 

FORD: The other one was ground storage, but in orbit storage, it looks 
like the best options we bave available to us short of individual let down, strap 
out, you know, is a low rate trickle charge. Now a low rate trickle cbarge may 
mean C/60, C/70, in that range. Quite frankly, I don't kwrw 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 tbat is needed is to maintain polarization on 
the cell voltages to offset self discharge, so I think if possible tbat you warld go 
much lower than ~ / 6 0  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 i s  the only option 
available to us in orbit. You have more than one battery, I think we bave data 
which now shows that you can let the battery down if you just look for essentially 
zero volfs, shorted out, 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 dawn discharge, I am assuming you have the 
ability to do it, to atrap out each cell. 

HARKNESS: Yes. 

FORD: I think you a re  suggesting that you can do it at a battery level and 
not strap out each cell. 



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. 

SCOIT: 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 i s  probably going to turn 
out that the best way to do it i s  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, a t  this point in time. 

Now, baving said that, I am gcing to now talk about some results that we 
have obtained from looking a t  cells sh red  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 a d  then the program became stretched out farther and farther 
and fartLer 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 a re  wondering what to 
do with them, whether to throw them away, o r  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, RO 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 a t  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. 



Now last year, some of you may recall, I presented a first  peek a t  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 a s  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 
a re  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, s o  we got a little additional data on cell 
performance here and then in addition we took six cells that had been stored a s  
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 cellr vere pur- 
chased and most of the cells that were in this particular test group haa *en 
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 a r e  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 
a t  the - you can just get an idea of what the total scope of the thing was. The 
conditions, now, that we have covered, run al l  of the way from brand new plates 
before putting in the cells through the cells a s  received without any testing in 
house all of the way through to, a s  you see here, cells stored a s  long a s  five 
years after receipt and acceptance testing. 

(Slides 187 & 188) 



SCOTT: Now, I am going to show you only a part of the data because I 
didn't bring all of i t  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 i s  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 i s  going on, but you can read 
it  in the minutes here. 

(Slide 189) 

SCOTT: Here i s  an attempt to pictorialize that data. It i s  also rather busy, 
but I want to make one point which seems to be coming out of this data which has 
not been clear a t  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 i s  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, a s  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 i s  the sum of KOH and potassium carbonate concentration in weight 
percentage and, well. I guess in this case it i s  plotted in terms of mil. equiva- 
lents per square decimeter, and i t  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, hut the larger changes that occur during this period 
of time occur in the plates and then they seem to - well, i t  i s  not obvious whether 
they really a r e  changing further during storage o r  not, because the variability in 
these numbers i s  quite large and it  could be that all we a r e  seeing i s  the result 
of the variability from lot to lot because these a r e  from cell to cell actually, be- 
cause of course, we did not have precise controls over these data and these data 
here a r e  obtained from entirely different lots in this case because we only started 
this whole testing program a year ago and of course we a r e  talking about analyz- 
ing three and four year old cells now. 

I think the point still i s  that it looks like the largest chunk of the total changes 
induced by the say we treat and store cells, we a re  introducing during acceptance 

1 

testing and probably very little additional changes a r e  going on during shorted 
storage. s , 

(Slide 190) 
Z 



SCOTT: Those changes correlate rather well with changes in positive plate 
thic(cness. Here the change prior to the end of acceptance testing is even more 
dx ?matic relative to the change which appears to be occurring during various 
storage modes. So you can see this is the thickness, initial th i chess  in milli- 
meters of the ;rlates a s  they a r e  put into the cell before they ever see any electro- 
l;&. 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 
dou  stream. 

SCOTT: The other parameter that we tried to characterize and is much 
more difficult to do s o  in any quahtitative 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 a s  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 
~slectron microscope photographs of what is typical that we see typically after 
;~,cct3ptance testing. This is the negative plate surface, a typical area on a nega- 
tive plate after .cceptance testing. This is magnification 100 times. This is - 
excrtsc! 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 tho larger crystals appear on the surface. You can see that even better here. 
This is the original grid structure dmim there. Starting with that, actually, when 
you get to - all cr.n say is that we lave  looked a t  a similar - take a similar 
look aftsr up to ~ u r  !rears of storage and generally speaking we don't see a great 
change of sk. -1ge and generally speaking we don't see a great change in the de- 
gree and tjpe of surface deposits after storage, so far we conclude that what 
happen., during acceptance tests maybe must happen. I am rot sure, and I am 
mt h r e  how typical it is of great variety of cells yet. Then from there on the 
pcrwth of cadmium deposits of this type in the cell is relatively small i f  there 

.q any at all. As I say, our controls are not adequate to statistically separate 
the small changes. 

SCOTT: This is another form of cadmium migration which is the type that 
grabs the separator. Now, I have heard a number of statements abo~it cadmium 



migration which I interpret a s  equating cadmium migration with sticking of the 
separator. In my view theee 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 a s  to how we refer to and describe 
cadmium migration if we want to look a t  the question a little more carefully, but 
this is a form which you see if you have initially sticking of the separator and 
pull i t  loose a ~d 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 a t  all. It  is com- 
pletely covered by a surface growth of cadmium depotiits. 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 o r  the cell has been used any further. The area of 
coverage i s  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 separrtor 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, a t  least our ac- 
ceptance test procedures do not show any impact of that condition of the negative 



plates on the electrical performance of these cells and s o  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 lcrize 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 a r e  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 o r  
do you think because it  i s  shorted you a r e  protected? 

SCOTT: I am sorry. 

FLEISCHMANN: At the shorted potential a re  you protected against the 
type of attack that - 

SCOTT: If you a r e  referring to the mechanism that was discussed 
y e s t e r m  - 

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 i s  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? 



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 sor t  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 a t  the supplier if you take the washed and dried plates right a t  that 
point you could start seeing cadmium crystals beginning to form on the surface. 
That i 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 will be 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 i t  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 f i r s t  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 shii>ments o r  four clifferent 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 a t  the RCA facility and so on and the same thing for the 
third shipment, and so some 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 a r e  the kind of things that can happen. 
We first discovered in one of the lots, I q  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 a re  the right numbers. I can't remember exactly. That to 



me indicates that there is 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 
bandling techniques. There were some that were stored in nitrogen immediately 
after and other plates were put through other kinds of steps but all l o b  of cells 
were treated in a different manner over a different time period but we don't 
know what the problem is exactly but we know that the handling in a different way 
caused us some - may cause us some difficulties. 
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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 titd together in the cell assembly 
area. The actual test sequence was changed. Tht, electrolyte was adjusted more 
than one time, a s  many a s  three and four times o ; ~  a combination of that and pre- 
charge was adjusted three a d  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, k, write down that you a re  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 a re  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 a s  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 remrding the 
testing and implementation of cells and usle of VT curves. We found that during 
this testing where we found some of the difficulties it  also appeared that the 
cells were overcharging a t  a significant rate a t  the zero degree temperature 
test, That is, they were running on the order of one amp. a t  zero degrees and 
continuous overcharge. This i s  a 16 hours, I think, at zero degrees, and they 



were running at, in one case, 750 mils. - six ampere-hour cell, running a t  one 
amp. continuously which indicated to us that there was a rather high voltage on 
it. 
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HALPERT: We took a look at the curve aad 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 awl, 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 assunk that because we were 
using them back in those days and eomebody 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, a s  I say, I am sorry fqr 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. 
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HALPERT: That is the range, a t  least, we a r e  looking for in C to D ratio 
for this particular program which encompasses a 120 minute test. Thio i s  80 
some odd minutes, 84 minutes charge and the rest  discharge, and what is more, 
and maybe as important, i t  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 i s  the kind of level that 
we want. As a matter of fact, we a re  generally a s  far a s  our other battery pro- 
grams are established in this kind of range. 

One other thing I might point out is there was some ooncern with regard 
to whether we could get in this C to D ratio range for the particular mission, in 
this case IT08 and we ran some tests at 18.8 percent depth of discharge and 
both the little X ia the middle has 18 percent for battery 301 and 302 and the 
little 0 there far 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 Wag, at 21.7 a year and a half after launch, not until then and so the 
question was & you design for 21.7 now o r  do you design for it  later on? 
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HALPERT: I want to show you one other piece of information which will 
help make up our minds for us. This is eome data that was run a t  Crane and 
RCA. The bottom curve represents the RCA test and it indicates that as long 
a s  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, o r  I shouldn't say identical, colls from the same lot 
and tab cells from the same i?t and test them for a while and then try the same 
C to D ratio tests you find you have something different. This i s  totally coneist- 
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 s o  
if you a r e  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 a r e  up in the area of 125 to 130 percent be- 
cause the res t  of the profile for the 15  month^ is on the order of 10 to 12 per- 
cent depth of discharge so  you see what kind of C to D ratios wer a r e  going to 
be getting way up in here over the period so why design i t  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 a s  a compilation of the testing that we have done, 
several of the tests that we have done a t  Goddard in which we feel a s  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 o r  is it kind of a forced function? 

HALPERT: No, it was life test results based on OAO1s five years of oper- 
ation and based on some other - in addition to OAO some other tests we have 
done through Goddard, s o  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 establiehed to use a s  charge 
control. It  is kind of "Donlt buy like this because you a r e  going to have hydrogen 



evolution problems,ll 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 ovsr 
voltage for hydrogen, s o  that is one thing, but the second thing, I think a s  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 a re  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 V T  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 a r e  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 o r  to add their address to it. Does any- 
body know where that thing i s ?  Okay. 

Okay, we do have eight speakers on nickel hydrogen this afternoon, both 
for synchronous orbit designs and near-earth orbits, m 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 evely component v a s  identified. 

GI'OCKEL: This is our baseline designed cell that we have been working 
oh: at Comsat labs for the last few years. The cells were jointly fabricatmi in a 
cooperative effort between Eagle Picher and ouroelvaa. Here, this ie our pres- 
sure vessei that we use in the cell and the pressure vessel material is 718 in- 
cone1 and as you can see we do use the compression seal on both ends. It  is 
hydroformed from a 20 mil. cold rolled stock and this particular vessel was 
burst tasted. This one blew at about 2,300 psi. This other one I have here is 
the same vessel with a slightly different weld ring in i t  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 



where I could go, eo it still held. The seal held everything with no leake 
whatsoever. 
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STOCKEL: If you could put on the first slide but don't dim the lights too 
much I will go into the - if you cmld turn the lights on in the back that would be 
better. What I really want !s the lights on so you can see. I can talk from this 
a little better. This is the 35 ampere-hour cell. Actually i t  gives a capacity of 
about 38 ampere-houra. It is, a s  you can see, gold plated, and the internal 
components of the cell are, of course, the electrode stack which consists of the 
electrochemically impregnated posiU-;es that were made at Eagle Picher by tho 
Bell Telephone Laboratory's process. It i s  a reconstituted ~ebestoe separator 
and the Eagle Picher negative electrode. 

The buss bar design i s  kind of a cone-type arrangement where the tabs on 
the electrodes do come through and a re  resistance welded on the outside. It does 
have a center rod which - and the stack is hsld in compression by these two 
plastic end plates. If this can move this way to all* for any slight movement 
of the pressure veseel when it pressure cycles a ~ d  therefore i t  will not stress 
the plastic seal. 

It  i s  held, the stack is held in place by mounting that right to the weld ring 
and the way it i s  assembled, the cell, i s  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 
elide 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 t!!ese 
male and after you do that, then the seals are  crimped abd you then do your weld 
on the outsido. 

The cell has been vibrated to about I think we used the qualification levels 
of about 18-1/2 G's rme. 

STOCKEL: The cell, as you see here, does weigh elightly over a kilo. It 
gives, with these lightly loaded positives, i t  gives an energy of about 44 or  45 
watt-hours. The @rating pressure of the cell, the upper operating pressure, 
i s  about 600 peig and when you take out the entire 38 or  eo ampere-hours it  runs 
i&lf down to about 100 pal, so  this pressure vessel we have here right now does 
hnve a safety factar baaed on the burst of four to om and a r  you can see on the 
oae pressure verse1 that, wben it did buret it  did buret Ole actual material itself 
and actually the 2,450 prig tbat tbe vesml war eubjwted to was getting pretty 
clom b the publeibed data on the ultimate strength of the 718 incoml and I am 
not really sure you can do much better than that, and thc pressure vessel, like 
I eay, it  doer work and it can be made, Thank you. 



GANDEL: Gandel, Lockheed. What i s  the gauge of that can ? 20 mile. ? 

STOCKEL: 20 mils, isn't i t?  

GANDEL: Yes, hydroformed starting a t  20 mils. 

FORB Jim Dunlop? 

DUNWP: What you mentioned, there were actually a number of these 
cells made for Uia flight program. But the capacity that you mea , x e d  was - 

STOCKEL: Oh, the capacity - there were actually 30 cells th,., were made 
for the program and of course out of that 30 there was a show and tell and .-r few 
. -  ner ones that were used for various other reasonrr, but the capacity was about, 
of the whole 25 of them that we did measure, was about 37-1/2 ampere-hours o r  
minus one, which i s  pretty good spread. 

SUIJdVAN: Sullivan,'APL. What depth do you typically operate this to? 

STOCKEL: Well, Frod will talk more about that, but it is about 60. 

MLLON: Dillon, GE. Have you ever, looking a t  the design of the etack of 
the plate, would you care to comment on the effect of a lift off environmezl of, 
my, 11 Gts 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. 

DILMIN: Have you ever Wsted to any quasi - 
STOCKE L: &stained acceleration? 

DIL LON: Quaei-euetained acceleration ? 

STOCKEL: Wca just vibrated tci random vibration. 

DILLON: That i s  dfferent. 

HENNIGAN: We will go to our next epeaker , Fred Betz ? 

BETZ: I guess I will introduce thm by saying that the glpacecraft Tech- 
nology Center of the Naval Research Lab has entered into an agreement with 



Cornsat Corporation a s  a joint effort to get a flight demonstration on nickel 
hydrogen batteries. It  i s  in the philosophy of exploiting commercial technology 
within the government. We have looked for it. Comsat i s  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. 
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BETZ: I t  i s  the Navigation Technology a te l l i t e  No. 2. I t  is part of the 
Global Positic.,ing Satellite System. That i s  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 i s  gravity gradient 
stabilized. 1 will try to give you an overvi3w of the whole program so  you can 
get a feel for what we are doing. I t  is a gravity gradient stabilized system. We 
have reaction wheels to control it in pitch and yaw. The solar arrays a re  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 a s  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, i t  is about 11.00 nautical miles altitude, 60 degree 
inclination and the orbital period is 12 hours. I believe i t  i s  11.9 something. 1' 
is a very precise circular orbit. 
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BETZ: The eclipse season, in fact, we have got two of them there. The 
eclipse seasm you may not be able to see, but it does have two eclipse seasons 
per year varying 30 to 40 days in duration and since it is a 12 hour orbit you get 
two eclipses per day s o  we could accumulate something on the order of 60 to 80 
nominal 35 eclipses per season, a ms.imum of .97 hours in mid eclipse and over 
the t h e e  year design life test abcl~t 420 total cycles, so within five years which 
we ewect  it to last, a t  least, that is &bout 700 cycles. 

The depth of discharge for the nickel hydrogen battery within the system 
i s  64 percent depth a s  a nominal test thing, That i s  a t  mid-eclipse. 
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BETZ: I want to show you the type of power system we a r e  using because 
it  does bear a little bit on the whole thing. It i s  a direct energy t r a n ~ f e r  system, 



a regulated buss of 27-1/2 volts, o r  27 volts I guess i t  i s  nominal plus o r  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 a t  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. 

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 a r e  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 a s  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 a r e  nominal 24 ampere-hour 
18 cell batteries, okay? Total stored energy, we actually don't have a 100 per- 
cent redundant system. I t  is about 90 odd percent. The nickel hydrogen stores 
are nominally 588 watt-hours by our calculations. We a r e  a little more con- 
servative perhaps than Jim and the 625 watt-hours actual based on 37 ampere- 
hours, we find that 38 will up that a little bit. The nickel-cad. has a 518 watt- 
hour nominal and we a r e  estimating about 585 watt-hours actual. 

(Slide 202) 

BETZ: I mentioned before that the three bays of the satellite o r  three 
faces of the satellite never see the sun. This is a little busy. Most of these 
slides were produced for other purposes. We a r e  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 5 

of the satellite right at the beginning. We got them where we wanted them looking ! 
8 



at constant temperature heat sinks. We have got thermal people involved right 
from the very beginning designing the thermal conductivity of the componente 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 a re  these two sections 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 i s  in the same bay a s  the nickel-cad. We are  actually using that. It 
has been relocated a little bit. Not all the components are located exactly where 
they a r e  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. Ollr design limita- 
tions that we imposed were a t  zero to 25 degrees C. The battery pack with min- 
imum gradients. I want to show you this one first here. 
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BETZ: The battery pack is - I guess you can see the battery pack ?t 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 A 3r simplifying the battery for this 
particular mission. Again, i t  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. 
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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. I t  is 1/20,000ths thick 
aluminum selected for machinability and availability and it i s  probably twice a s  
heavy a s  what is needed, but the thermal guys really loved i t  and it does a pretty 
good job. 

The interface between the cell and the sleeve i s  an RTV, a stabilized fiber- 
glass cloth. The concept, I believe, was T.RW1s. Bob Patterson made a few words 



about that eometime, but i t  runs about a 20,000th thick and i t  seems to be an easy 
method of implementing a good interface between the cell itself and the halfshclls. 

I mentioned a couple of times that we are  running kind of on the heavy side 
or al 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 nut8 and 
bolts, connectors and wire, sleeves, things, RTV. It gives us a total estimated 
pack weight a t  this time of two 14 cell units or  two seven cell unib of about 46.3 
pounds and a total energy density 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. 
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BETZ: Thermal, we looked a t  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, yes, 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 o r  equilibrium temperatures in an: one of the cases s r e  - 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 looked a t  - we are  considering a charge control for the battery pack 
and we are looking a t  the thermal curves thinking about pressure considerations 
which seemed to be an obvious way to go a t  first and i t  seems to be rather diffi- 
cult to implement at  this time. Looking a t  these we thought that perhaps we 
might be able to use a charge control technique based on temperature and it ap- 
peare 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 



terminah) charge. This does assume that charge i s  terminated by some tech- 
uique. 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 i s  about C/58. That i s  600 milliamperes, but the concept, to get back to the 
charge here, i t  looks like we could t e~mina t s  charge based on temperature and 
since we would normally be stabilized out here and a s  you bcgin your eclipse 
season these fluctuations would build up, but terminating on te iapra ture  we 
miqht need a reset o r  an arming device on the blowing temperstwe. 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 forct 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 i t  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 i s  the basic concept we a r e  looking at right now, perhaps one o r  
more temperature limits for charge controi. I t  i s  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 i t  i s  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 a t  NRL on this battery pack and the primary 
area i s  to confirm the charge control o r  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 a s  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 a t  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  i s  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 



bay model o r  the spacecraft until the time it  goes out by utilizing the 18 cell 
nickel-cadmium whenever spacecraft power is not applied o r  ground power is 
not applied ADE. The small external circuit will be able to continuously trickle 
charge a t  the 600 milliampere rate, run the nickel hydrogen 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 o r  a r e  you dependent on both 
of them ? 

BETZ: No, the spacecraft is designed to operate off either battery totally 
and solely. There i s  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 exptriment 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 o r  not we have ground power connected 
to the spacecraft. 

WICK: Hugh Wick, Hughes Aircraft. Ii,s much thought been put into the 
burst out average o r  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 i t  and integrating i t ?  

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 fact I got called in the middle of the night on that one. 
I 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 i s  any more substantial than the batteries you have been working 
with for a long time. The batteries a re  behind a relatively substantial piece of 
material. The burst levels, the safety levels involved with the structure itself 
seems to be quite adequate. I don't know what you a r e  looking for but we a r e  all  
exposed to hazards every day. What level of hazard do you want to protect against? 



WICK: I don't want to pursue i t  here and occupy the meeting but let us  say 
a mechanic is working there and you lave  got pressure within the nickel hydrogen 
cells and somebody drops a wrench o r  something and hi ts  the side of the cell. 

BETZ: Okay. 

SPEAKER: Fred, you a r e  not going to run with any pressure transducers 
on the battery? 

BETZ: We have got enough spots in the c o ~ e c t o r  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 a t  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? Caii you measure your particle factor of oxygen in that thing? 

RETZ: I think Howard Rogers may have some comments on this. Dr. 
Rogers did some look sees to s e ~  what happens if, and basically on all opera- 
tional cases we don't seem to get above that. 

ROGERS: Fred, I will be commenting on that later. 

BET2 : Oloy, 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 I 
guarantee you if you t ry  to 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 i t  continuously 
which has happened w b n  we have had - you know, we have normally been 



cycling cells and we will have an interruption in our power Bupply so that the 
cells continuously run in reversal by mistake over the week-end on a cycle. 
We have run cells for as many a s  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 systcm 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 a re  
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 a re  
going to see that probablv from a point of view of how a pressure vessel would 
fail, it would never explat? 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 ?his cell and i t  has been pointed out is  pretty low, 
but those electrodes are  only loaded a t  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 psr 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 electrcdes a re  lighter loaded than the Bell Laboratory specs. call 
for, for sxample, but I guarantee you they will operate for about 6,000 cycles. 
I can almost guarantee that. 

HENNIGAN: We have another presentadon here and probably some of your 
questions will be answered because it is related to the first two presentations 
and +Ais is Lee Miller from Eagle Picher, nickel hydrogen battery developments. 

MILLER: Thank you. As most participants here today a re  aware, nickel 
hydrogen offers a potentially very attractive alternative to nickel-cadmium a s  a 
long life secondary battery system. Significant weight is saved in the replace- 
ment of the cadmitan 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 



overcharge and over-discharge. In addition, a direct relationship between in- 
ternal cell gas premure and s y s t e ~ l  state of charge offers a unique and reliable 
signal for charge control purposes. Significant progress has been ma -;e 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 
syptem as it has evolved a t  Eagle Picher. May I have the first  slide, please? 

(Slide 206) 

MILLER: These a r e  three different cell designs that we have been work- 
ing with at Eagle Picher. Moving from left to right, the first  design is the f irs t  
design that we came up with, a 20 ampere-hour and we refer to i t  a s  the pris- 
matic nickel-hydrogen cell design. This has really served as the workhorse for 
us in the design studies which a r e  necessary whenever you get into a new sys- 
tem like this. Using this 20 amp-hour cell we a r e  able to optimize the param- 
eters  such a s  electrode loading, electrode spacing, separator, evolve a suitable 
separator for nickel hydrogen, gas spacer requirements and the necessary hold 
down components for the electrode stack. That cell i s  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 a r e  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 i s  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 a rea  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 anticipate but we came up with what we could 
call, let u s  say, a weld joint back-up ring that it has been necessary for both of 
these prismatic designs a s  well a s  the cylindrical design, to facilitate that weld 
joint, but with this design incorporated, this cell that i s  shown here has passed 
over 40,000 pressure cycles without failure. 

The next design in the middle i s  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 a s  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 i s  around the 
entire circumference of the cell and it  appeared to be somewhat difficult in 



performing the Teague weld. I think possibly with an EB welding process that 
that joint could be accomplished. 

Of coursc the last cell design is the cylindrical cell design and that i s  also 
an inconel 625 ,inaterial. 1 think it i s  a 30 inil. wall on that. Also, we have dropped 
the ceramic seal and a r e  now using in addition to  the ceremic 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. I t  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 i s  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 probloms that came up with this design is that i t  was asked, 
W h a t  happens when one call fails in there?" The two cells adjacent to it a r e  
operating a t  around 600 psig and obviously it  would crush that one cell and prob- 
ably would terminate the usefulness of the battery a t  that point so  the thought 
was that possibly it would be better to connect theoe 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 a r e  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 i s  you design this to be a gas limited battery. In discharge all 
cells will go out a t  the exact same time, 

These two batteries were manufactured for one of the NASA facilities and 
art! presently undergoing testing a t  that facility today. Next slide, please. 

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 



been in that direction. In this slide here you a re  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 i t  will 
show the internal configuration a little better. 

(Slide 210) 

MILLER: This is a boilerphte set up that was supplied on another job, 
but the electrode components and &he cell stack design is very similar to what 
goes in the actual lightweight flignt type cell. This is referred to a s  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 i t  ia 
thought to be a superior thermal design. We are really indebted to Hughes Air- 
craft Company for the suggedion of this particular design. Let me nave the 
next slide, please. 

(Slide 211) 

MILLER: This is a performance graph on a couple of 50 amp-hour nickel 
hydrogen cells md 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 a s  you get b m r d s  those 600 cycles but that design 
was really not the aptimum design that has evolved today. 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 
i s  for the Navy and tb one on the right is the Air Force cell. The one is  35 and 
the other is the 50 amp-hour design. 



You see a small module. I believe I heard a queetlon a while ago about 
the strain gauge o r  the pressure monitoring for charge control purposes. On 
the A i r  Force they will ulle the strain gauge concept to monitor cell pressure 
and the little module up towards the top of the cell near the preecme gauge is 
the strain gauge and it has all of ite electronic components in &we. It has its 
amplification and s t g a l  conditioning components in that little module there. 
Each cell in the Air Force flight experiment is equipped with om 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 laconel 718. We are using the &el cell grade regenerated asbestos separator 
material and basically the internal electrode components have been optimized 
for these designs. 

A s  I 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 A i r  Force 
nickel hydrogen battery. 

(Slide 213) 

MILLER: This is an aluminum investment casting that just ha8 the cavi- 
ties in which to accommodate the cells into the battery. There is nothing really - 
it is pretty much, other than ite degree of instrumentatim, it is pretty much 
straightforward, eo i f  there a r e  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 - d .  

WICK: How do you hold the cell in the cuing, via RTB or  epoxy or  some- 
thing like tbat? 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: I think it is an epaory, but I am not sure. 

HENNIGAN: Another question? 



HILL: Yes, Freeman Hill of Weetinghouse. Don't you care abaut the 
energy deneity for volume in space applications or what kind of energy density 
do you try to get with this? 

MILLER: I don't have the figure with me but yes, we are concerned with 
it, but it ia sort of like Jim Dunlop pointed orlt. &jth of these designs a re  very 
conservative at this point and so we are just looking for a successful mission 
first. 

RAMPEL: Guy Rampel, General Electric. How many ccls of electrolyte 
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 i s  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 i s  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 cyliadrical version i s  because you can make the seal more 
reliably? I s  that really - am I understanding that problem? 

MILLER: You mean the T weId 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 tl;e preference for the cylindrical configurations. 

SUIJJVAN: Thank YOU. 



MCDERMOTT: Pat  McDermott, Coppin State. I s  there any problem with 
separator dry out with these safety cycles? 

MILLER: Possibly Jim might want to addreas 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 publishsd 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 ~ p e a k e r  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 o r  less s o  
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 fierrnal 
problems in doing that. We have to gel the heat out. We have problems with 
oxygen generation getting it recombined. We had problems with the lose of 
electrolyte from the cell  stack, s o  we a r e  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 a d  that is shown In the first slide. 

(Slide 214) 

WARYOCK: The idea b r e  i s  to increase the heat transfer area which is 
a t  the outer perimeter of the cell stack and to thin down the gas gap between 
the edge of the sfack and the inside of the p e e s u r e  vessel. To do that we have 
made pineapple slice shaped plates and when they a r e  stacked up they leave a 
hollow cavtty down the middle similar to the ones that were shown by Lee Miller 
j u t  a few minutee ago. 

In effect, thie results in a rb\Ti--?ribution of some of the stack material 
which would otherwise be in the hollow cilvity and results in a slightly longer 



stack which increams the heat transfer area around the outside. It also enables 
ue 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 a h t  60 mils. This is  a Hughes design, an imp!amentation of an Air 
Force Propulsion Laboratory concept and it  is the design that Lee Mil lx  referred 
to on which his design is )lased 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) 

WAHNOCK: In a conventional nickel hydrogen cell stack such a s  shown here 
with back to back positive electrodes the oxygen management problem depends 
very strongly on what separator you a re  using. If you a r e  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 3rd 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 to heat release 
when that oxygen gets channeled through the separator, recombines locally with 
hydrogen a t  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 a s  nylon - I am sorry, 
such a s  asbestos or potassium titanate wEch most of 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 i s  sandwiched in those positive electrodes between two relatively impermeable 
separators, it now has to move radially out of the stack, exit the stack a t  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 
an3 recombine. 

As a result most of the recombination will take place a t  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 a re  transferring water vapor now from the stack to the pressure 
vessel and in essence depleting some of your electrolyte volume. 



So if we a re  using oxygen impermeable eeparatore, we need a better way 
of assuring a rapid, even recombination of the oxygen. One such suggestion is 
shown in the n e ~  slide. 

(Slide 216) 

WARNOCK: On this case we have done away with the back to back positivee. 
We placed the gas flow space behind each of the positivee 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 you 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 i s  sort of being 
tumbled along in there until it  recombines. 

The problem is that the oxygen, say, we a re  looking a t  the top pair of plates. 
The oxygen from the positiveson 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 
a s  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 a re  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 so it is quite possible that you will have a movement of both water a\= 
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 a re  not quite sure how to do that right now. We are  not pur- 
suing this design in its pure form but we a r e  looking a t  some ways of utilizing 
this concept and one of these is shown on the next slide. 

(Slide 217) 

WARNOCK: If we look a t  half cell, it  is essentially the same arrangement 
that we ll.:d in the previoue elide where presumably some water and electrolyte 
will be moving from the top to the bottom of the etack. I have added - the only 
thing that has been added here is an extra negative sticking out right here which 
acts to recombine oxyqen coming from this positive. I will return to that in just 
a minute. 

Now if we look a t  the other half of the stack we have the same arrangement 
turned upside down, oxygen electrolyte tending to move in this direction and again 



we have a negative at the top to  recombine the oxygen and also to collect any en- 
trained electrolyte. 

The effoct is a scheaa  for recirculating both oxygen and electrolyte be- 
cause the negative that collects then, \rere i s  the same negative for the other 
half of the stack, the negative which collects them here is the eame negative 
collected over here. We have placed a reservoir a t  each end to help effect the 
transfer so we have a closed circuit now for oxygen and electrolyte. 

The advantages a r e  that oxygen does not have to exit the stack a t  al l  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 o r  
water. Hopefully you will have redu,ed the forces which tend to drive electro- 
lyte out of 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 b x s d  on this concept at the Propulsion Lab and the 
next slide shows some of the performance data for the f irs t  500 cycles. I can't 
explain the deviation between the two a t  the beginnirig but it has disappeared and 
I would say that right now it i s  not of much consequence. 

(Slide 218) 

WARNOCK: The performance has been very stable and although a t  500 
cycles the data isn't tkiat significant. Let us show the second slide, the next one. 

(Slide 219) 

WARNOCK: This shows the 900th and the 1,200th cycle 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 i s  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 a t  around 800 o r  900 cycles, usually from dry 
out. You can take the cell apart and rewet it  and the performance comes k c k .  
On the oxygen recirculatim cell s o  far therr? has been no significant indication 
of loss of perfcrmance and compared to other cells that were similarly built 
and similarly cycled it  i s  showing a much more - a much better ability to keep 
itself alive. 



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, a r e  there any questions for 
Don? Jim Dunlop ? 

DUNLOP: What i s  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 i s  an electrochemically 
impregnated positive. 

MILLER: Do you know the loading level? 

WARNOCE I don't but Dave Pickett may know. I assume that i t  i s  about 
their standard of about 1.9 grams per cc  of void. I think that i s  right. I s  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: J t  is a t  maybe 1.6, 1.7 grams? 

PICKETT: About 1.7 to 1.8 grarnsper cc of void. 

WARNOCE Per cc  of void. 

DUNLOP: Who supplies these ? 

PIC KETT: 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 i s  
Mr. Patterson from TRW Systems. 



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 battery 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 a t  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 
mechanicu analysis. Fracture mechanics analysis assumes that there a re  flaws 
in materials and these materials or these flaws tend to grow as  the material is 
mechanically cycled, so what you t ry  to do then i s  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 a t  316 
stainless steel, inconel 718 and titanium material. '!'he reason we selected these 
three materials was because a s  Lee Miller pointad out a number of the original 
Eagle Picher cells had stainless steel pressure vessels. The 718 i s  a pressure 
vessel material that Comsat is now using in all of their pressure vessels and 
finally we wanted to look a t  a new material to see if possibly we could make an 



improvement over the materials that are currently being used. The motivation 
for the titanium alloy was tbat we wanted b come up with a material that had a 
lower density than the other materials that were used even if the ultimate strength 
of tbat material was less. 

What we did wmt, 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, o r  you a re  
really pushing the technology of hydroforming at that thickness, so if you could 
come up with a material of a luwer 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 a t  embrittlement 
characteristics in these three materials. 

(Slide 223) 

PATTERSON: Okay, this represents kind of a final result of the fracture 
mechanics analysis for me 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 aslnrmption 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. fhw 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 tbat I men- 
tioned, we also did some hydrogen embrittlement studies and there again we 
found again all three materials were satisfactory for uee in nickel hydrogen 
pressure vessels. Okay, we then went on to design a pressure vessel using the 
titanium alloy becauee of the reasons I mentioned earlier, the reasons I mentioned 



why we took a look a t  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 guicied 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 a r e  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 s o  you a r e  really not payjng a t  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, a s  I mentioned, we will be building a 10-cell battery 
and prior to that, however, we a r e  taking a look a t  - we a r e  doing some tests 1 
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 a r e  attached to the mounting bracket 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 teat right now a t  TRW. We a r e  
pressure cycling these two cells between 50 and 650 psi. We plan to run this 
test to failure and see how good we were a t  predicting cycles to failure for this 
particular kind of material. 

(Slide 227) 



PATTERSON: This is another view of the same ho-cel l  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 a r e  12 inches by 30 inches and the height of the 
cells is about 6-1/2 o r  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 pund.  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 o r  20 per- 
cent so really we a re  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 a r e  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 a r e  equipped with pressure 
traneducers and currently'are on an accelerated cycle life test. These cells 
have performed ahout five simulated synchronous orbit eclipse seasons, 

(Slide 231) 

PATTERSON: That pretty much summarizes the work that we a r e  doing 
for Comsat. The remaining things to be done on that program a r e  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 



work on that mounting bracket design. We will be building a 10-cell battery and 
the tests that we plan to do a r e  some characterization tests, thermal vac. test, 
and then some simulated eclipse season cycling. 

In the way of the work that we are doing a t  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 a s  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 a r e  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 
a t  80 percent depth of discharge. These a r e  20 ampere-hour cells and the actual 
initial capacity was a little bit less  than 20 ampere-hours so  they were actually 
cycled a t  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 o r  five seaso1.s. 
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 a r e  now in the 12th eclipse 
season and we a r e  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-cadr.ium cells that I have seen. 

(Slide 232) 

PATTERSON: So now just briefly to go over some other results that we 
have gotten on our internal program, a s  1 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 words, using the nickel hydrogen and nickel cadmium doesn't have any 
serious impact on power system design, if anything it simplifies i t  some be- 
cause of the tolerance to overcharge and overdischarge. 

Okay, I just showed you the data on the accelerated life tests. Those a r e  
now on the 12th season. We put over 1,000 low-earth orbit cycles and that was 
a t  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  cycle^, 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. 



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 a t  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 a s  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 i s  used in 
all of the cells that you see up in front of you and that a r e  being used on these 
xrarious 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 hydro- 
gen we measured the hydrogen leak rates in these cells, We found that there 
were less than 10" 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 o r  15 cubic centimeters. 

Now these, of course, were beginning of life, hydrogen leak rates, btit we 
have tbese cells on cycle life te'st. 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. I 
should emphasize, though, tllat 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 a t  these rates 
we couldn't measure any oxygen a t  all  on overcharge. 

In addition, we built some boiler plate cells and just let them overcharge 
a t  a C rate for - out of 37 days without seeing any abnormal perfoi*mance o r  
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, o r  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 wercharge 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 an@ 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 



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 denuity. 

PATTERSON: Yes, that i s  usable energy density. That is not a t  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 oruit and 
I believe something like 15 percent for the low-earth orbit, 50 o r  60 percent. 

GROSS: That is most of it. 

PATTERSON: Yes. Also, t h e r n l ~ 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 equivalmt to the rate we a r e  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, o r  is it  the overcharging o r  a combination of both that i s  causing that 
expansion and I had another question. Would you characterize the voltage fade 
in your nickel hydrogen cells similar to the nickel-cad? 

23 8 



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 a t  least on this test i t  looked like it was a natural loss of 
capacity a t  the positive electrode. 

SULKES: Sulkes, USAECOM . Did you say what your reconditioning pro- 
cet'we was ? 

PATTERSON: Yes, i t  N a s  a C/2 discharge rate so I believe one volt and 
then we put a one olun o r  a two ohm resistor across the cell terminals. 

HE NNIG AN: Stan Krause ? 

KRAUSE: Bob, what separator were you using for that 1,000 cycle low- 
earth orbit test? 

PATTERSON: That was a nylon separator. 

KRAUSE: You used a nylon separator? 

PATTERSON: Yes. I t  was kind of interesting. When we took the cell 
apart we couldn't find any burn holes o r  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, o r  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 anothed sprjaker. 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. 



I would like to describe this afternoan some of the testing that we bave 
done on eome 20 ampere-hair Eagle Picher prismatic oelle which you have eeen 
a picture of earlier. The test program is being conducted urder our Lockheed 
indepeadent development program which wae started in 1873. The testing pro- 
gram bas both the synchronous orbit an.4 low-earth orbit applications in mind 
and we have tried to obtain the parametric characteristice of the cell6 looking 
tuward optimbfng tbe charge control and the overall power and thermal mamge- 
ment of the htteries tbemselvee. The law-earth orbit work has taken on added 
interest. The Air Force sponsored flight etxperiment battery which is coming 
along and which is being built by Eagle Picher and provided by Don Warnock 
through SAM80 through Lockheed to fly. 

Most of the data I will show today i s  b a d  on the nylon separator cell6 
a d  the chemically impregnated positive electrodes. 

(Slide 233) 

GANDEL: I am showing this typical older data describing the synchnaus-  
type 24 hour cyclic testing we ran and in this regime the max. pressures we ob- 
tained generally fell in this 500 to 600 psia range and then when we changed over 
to the low-earth orbit cycling on the same cells we experienced - am I right? 

(Wide 234) 

GANDEL: We experienced excessive pressure rise. In the synchronous 
orbit testing we were charging a t  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 buret 
pressure can we thought we had enough and we ought to stop. 

Then we hud some deliberations with Eagle Picher as to what do we do 
next, and we felt there wae noth'ng to lose by digcharging the cells down. As 
you can eee the end pressure - we just displaced the pressure range and so the 
pressure on die~harge under this rate was wer 200 pounds and then subsequent 
discharging through a resistor brought us down in the range of 75 to 150 peia 
At tbat point we bled off the extra hydrogen. I might digress a moment. 

When we were seeing these very high pressures I had some gas chromato- 
graph ahalyees conducted to see if by chance you could have oxygen in tbere 
which wasn't being recombined. There was no danger. There waen't any oxygen 
that could be measured. 

I . .  



GANDEL: Then subsequent to that, this goes back to the Middle Ages 
where I guess bleoding helped the body. So we went into low-earth orblt cvcling. 
This shows the spread In pressure of the ce1l.s after that time. This is a six 
cell battery and the charge efficiencies varied somewhat. F i rs t  we tried using 
pressure control off of the l m a s t  pressure cell. Yucuse me, off ,.e highest 
pressure cell, In that case the lower pressure cells 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 better 
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 tke six-cell 
batteries so 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 o r  
prc ssure hietory we adjusted the discharge time s o  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 82-1 up 
about, 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 r a k e  before we 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 aperating 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 cell& 
For comparison here I 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 impebnce 
cell. That is aU of the information we can get just from thio curve. 



(Slide 239) 

GANDEL: In looking at the value of a temperature compensated voltage- 
type charge co~tro l ler ,  I have plotted here the peak voltage data obtained during 
cycling at these respective chargo 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 i s  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 a t  the temperature compensated volt- 
age because that is what we have been employing on the ni-cads and it looks like 
a t  the lower charge-discharge rates, the lower depths of discharge, that the 
vdtage system might very well work. 

(Slide 240) 

G-INDEL: I might just digress a moment and addressing Fred Betzt 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 i s  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 a ays of calculating charge 
efficiency. Tho easiest way is where you have the h e a r  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 pressure curve 
of simply tallying ampere-hours in over ampere-hour s out, excuse me, ampere- 
hours out over N. 

When I plotted the data f w  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 a t  
about a max. of about 75 percent. I then looked back a t  earlier data on the same 
cells and up to 300 and some cycles there was no attenuation of that charge ef- 
ficiency but t-hat 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 ior the electrode growth. 
Excuse me, it can grow in two dimensions. That may be one of the reasons that 
we were seeing pretty stable operation through quite a few cycles. Although I 



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 i s  that if you a r e  operat- 
ing at high rates a t  all you a re  going to have a thermal gradient from the inside 
out so that each plate will be at a different temperature than i t s  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 a t  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 a s  indicated by the triangles, and that i s  showing 
efficiency in the close to 90 percent range. 

I also looked a t  charge efficiencies in the 50 ampere-hour cylindrical cell 
with the asbestos separator and I looked a t  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) 

GANL'FT,: Departing from that cell and looking a t  thermal considerations 
in the 50 ampere-?lour 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 r i se  during the charge. We a r e  
probably just beginning to get some bend over of the pressure curve and a little 
bit of overcharge, and then going into the discharge a t  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 a t  the time that I was talking about the parallel 
plates to the wall, this i s  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. 



HENNIGAN: Do we have any questions for Marty? Don Waruock? 

WARNOCK: Marty, on that last slide wbsre 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. I s  Lee still here? 

MILLER: Yes, Miller, Eagle Picher. I think in the early life that is prob- 
ably about 100 mils. 

H ENNIGAN: Stan Krause ? 

KRAUSE: Marty, a general question that others can zlnswcr. In view of 
some oi the nasty shots taken a t  Pellon 2505, here at this conference, you get a 
lot of tests data on cells with Pellon in it and there a r e  some others. What do 
you think the future of that separator is for nickel hydrogen? 

GANDEL: We have a separator study conducted a t  Eagle Picher where we 
looked a t  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 else I felt that in 
future cells I would want to go to the regeuerated 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 a re  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 con~tant 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 a re  square - 



PATTERSON: It seems you are  getting no oxygen evolution at all. 

GANDEL: Eepecially 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 o r  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 i t  except what I have noticed is where we 
are going, let us say we a r e  operating on a C/2 charge and discharge profile. 
That, a t  the initiation of discharge that I will see a negative deflection to that 
pressure curve and one way of explaining i t  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, i t  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 a t  your 
pressure data i t  will continue linearly even though you start already going into 
overcharge, and your deviation over discharge i s  as you said. You can explain 
i t  a s  a super position of overdischarge if you want or self discharge and dis- 
charge, but it  i s  not really self discharge. It i s  the using up of the oxygen which 
has been stored in the pores. 

GANDEL: The only argument against that i s  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 olclock you can stay 
as long a s  you want. Our next speaker is  Howard Rogers from Hughes Aircraft 
and his topic i s  on nickel hydrogen also and low-earth orbits of a nickel hydrogen 
cell. 



ROGERS: May I have the f irs t  Vugraph, please? 

(Slide 243) 

ROGESS: The work on this that 1 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 a r e  going to do i s  to build a stack of 
the design that Don Warnock spoke about where the oxygen recirculates and you 
compare those reuults with the ones we have gotten here. Another thing we did 
was to monitor 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 Mansvillets fuel cell grade asbestos a s  re- 
ceived. Two polypropylene gas diffusion screens were used of Vexar poly- 
propylene, 24 mils. thick. The electrolyte was the usual 3 1  percent KOH and I 
should comment about the leads. This i s  a boiler plate cell which I will be show- 
ing in a moment. The leads a r e  fairly long and for mechanical reasons we 
couldn't use a s  heavy wire a s  we wanted to and we did have a significant voltage 
drop in the lqads 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 i s  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 a r e  certain features 
of the construction 1 want to point out. One, if you notice a rather peculiar funnel 
shape of the plastic and the cell a t  the bottom. I t  i s  designed precisely like a fun- 
nel and there i s  tm electrolyte drain valve at the bottom. That i s  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 i s  periodic. 



Another very important point is an oxygen tap o r  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 a r e  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 charging a t  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 i s  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, pleaee ? 

(Slide 246) 

ROGERS: Now, these a r e  curves of actual cycling data taken from the re- 
corders and I f i rs t  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 a t  room temperature or  1 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 f irs t  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 i t  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 a t  the electrodes 
which corresponds to the data here of .89 volts. In other words, that i s  that lead 
drop I previously mentioned. This was admittedly arbitrary but gave us some 
point a t  which we said, well, the cell is not deteriorated a certain amount. 

One additional point, the original cell capacity was three ampere-hours 
measured a t  basically about a ~ / 8  charge and a ~ / 2  discharge and at the end of 
that cycling even though i t  was failing to operate a t  this 4.1 amp discharge rate, 
nevertheless, it was still giving 2.8 ampere-hours a t  a ~ / 2  rate so  there was 
very little deterioration in total cell capacity. 

May I have the next slide, please? 

(Slide 247) 



ROGERS: The electrolyte loss which I previously mentioned was - first 
we did an initial five tests where we lost - these were parametric tests wbere 
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 a t  cycle 432 which shows a very, very large loss, in fact  early 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 i s  it accumulated within the stack 
and was blown out by the excessive oxygen produced. 

(Slide 248) 

ROGERS: In the next slide these a re  measurements we did of oxygen gen- 
eration a s  I mentioned. We took the data a t  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 a t  the ~ / 2  charge rate if you compared runs two 
and nine and at  the periodic capacity checks which a re  three, six, seven, eight, 
and 10, that the oxygen percentage during charge kept drwping and dropped 
substantially so that finally at  the end we are  only seeing 1.3 percent. 

b r i n g  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 a t  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 a t  other stack arrangements. Thadz 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 o r  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. 



DUNLOP: Would you have any data with nylon for comparison, by chance? 

ROGERS: Yes, but not a t  this time. 

DUNLOP: Can you make any comment about whether it was better, worse, 
o r  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 a t  
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 wonft 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 i s  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 surn- 
marize what I consider to be the main problem areas of the state of the a r t  in 
nickel hydrogen cells. Then I will give you an idea of the approach that we a re  
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 parametere of electrolyte and oxygen management. Our objective 
is to denimstrata practically viable solutions to those problem areas. 

On overcharge oxygen is generated at  the nickel electrode. It ie needless 
to say that oxygen hydrogen mixtures a re  potentially dangerous. It i s  therefore 



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 fhilure modes that can be traced 
to the heat sensitivity of the nylon. Localized heating, for example, by penetration 
of an oxygen gas bubble to the hydrogen electrode can result in melking of the 
separator and short-circuit of the cell. It  is therefore desirable to replace the 
nylon with a heat insensitive separator, for example, asbestos or potassium 
titanate. Such separators typically are gas impermeable even when they a re  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 c,ell, 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 a s  they have been built and a 
very coarse calculation shows that for example a t  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 to allow the necessary 
diffusion rates of oxygen to the hydrogen electrodes. The pineapple slice design 

, 
I derive by Don Warnock prinlarily, a t  least initially, on similar grounds, has a 



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) 

HOLLECE In such a design the axygen evolved at a nickel electrode would 
diffuse, cross the relatively narruw gas diffimion 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 electrolyb or  w, a trane- 
port from the om end af the stack to the other side and one possible practical 
solution has been shuwn in the arrangement by Dm Warnock. 

The second major problem is that of electrolyte ~naldistribution, especially 
loss of electrolyte from the cell stack. During extended cycling changes in elec- 
trolyte porosity anrl wetting characteristics can also contribute to electrolyte 
management prob1t.m~. 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 relatwe affinity of electrolyte to the various stack components. Pore 
size is the single most controlling factor. The resemoir structure bae to be 
selected such that it will give up electrolyte preferentially to either tbe sepa- 
rator or  the positive plate. 

If one achieves this it should be possible to realize positive plats capaci- 
ties approaching b e e  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 tbe rela- 
tive importance of the various mechanism8 in oxygen and electrolyte manage- 
ment to find practical solutions d to demonstrate the effectiveness of those 
solutions. Tbank you. 

HENNIGAN: Do you haw any queetiane for Dr. Holleck? Dean Mauer? 

MAUER: I ham one for Jim Dunlap. Have you seen any evidence in your 
long term cycling of this electrolyte redigtributiaa in this test here? 



DUNLOP: Yes. W e  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 a b u t  2,000 cyclee, 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 bow that when the positive electrode errpan& 
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 a t  the other? 

DUNLOP: Well, one of the things I think i s  a difference and I t W  mlght 
make this difference, but one of the studies and a lot of the work that they a r e  
referring to i s  related to extremely high r a k e  of charge-discharge cycles, and 
when we normally charge a t  a C/10 rate or  even lower you don't run into a ser- 
ious problem. As a matter of fact, if you looked a t  some of the data a lot of the 
charge-discharge cycles it i s  hard to tell if you a re  even getting into the over- 
charge mode a lot of times, particularly when you are using pressure a s  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 a re  talking about charging a t  the C rate in this 
30-60 minute orbit and I think they have addressed th) problem. It is a more 
severe problem for them. 

HOLLECK: The effect is a principal one but you a re  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 i t  i s  a separate effect. 

HENNIGAN: Harvey Seiger ? 

SEIGER: 1 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 y w  describe the electrolyte redistribution problem in 
those rebuilt cells? I think the thickening may have settled down. 

DUNLOP: Yes, Joe, do you want to - 



STOCKEL: Yes, we ian some small cells with nylon  an^ they would fail 
a t  2,000 cycles and just, of course, just refilling them they would run on u.nti1 
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 

WNLOP: Back to what was Gandel1s point about when you charge a cell 
initidly and depending on how much overcharge you put into it you do get many 
discbarges done and you generally find a fair - you may mt 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 
thie has been one of the problems with nickel electrodes in nickel-cadmium cells 
in that it is Micu l t  to give a state of charge comparison of one electrode to the 
other because when you a re  operating in the C/2 rate on a discharge, for example, 
you come down to something 1% in the nickel hydrogen, say, you may come down 
to 150 psi left in your cell at  o volt or zero volts a t  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 o r  five ampere-hours out of that cell, a s  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, i s  always very 
evident in nickel hydrogen systems because you can always equate it  directly to 
the pressure that you look at  and the same thiug happene 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 i t  o r  
somebody. Is  the growth more effected by lower charge rate or a higher charge 
rate ? 

HOLLECK: Well, I don% 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? 

WNLOP: Well, we saw - I think everybody has seen more expansion with 
the discharged cycle. Somebody asked about tbe overchargc .. We have done a lot 
of overcharge but where we really see expansion of the positive electrodes is with 
deep discharge cycles. 

HENNIGAN: Marty? 



GANDEL: G-1, Lockheed. The only comment I would make there is 
tbat extra prescrure rise is associated with the higher charge rate, eo if that is 
related to expamion you can tie somathing together but I don't know that positively. 

HENNIGAN: Dr. Rogers? 

ROGERS. Yes, Rogers, Hughes. In answer to that question also, we h ~ d  
experience with some Eagle Picher - in fact the cell that Lee Miller had shown 
on the board was one of ours that we bad tested and these cells were tbe 50 
ampere-hour and showed thickening up to 75 percent ard pressure r i m s  well 
above 700,750 p a d s ,  but tbat could be completely discharged if we were patient 
enough. You could actually get the presmre dawu 5 nearly to what it had been 
o r i g b l l y  . 

WNLOP: Tbat is right. 

ROGER& Much like Jim said, so - 
HENNIGAN: Fred Betz? 

BETZ: Just one comment on this increase in positirq capacity. I remember 
seeing eolns data that the Royal Aircraft establishment in Sngland generated a 
number of years ago trying to determine what overcharge rate. I think Floyd was 
talking about that before, what overcharge rate would suffice and we &ompared 
the capacities after 20 days of overcharge at rates, a+ 40 degrees C, The wer -  
charge was performed for 20 days, 40 degrees C at various rates from C/120 
up to C/5. In all cases t h y  showed capacity hrease, but at ~ / 1 2 0  it was only 
about tbree o r  four percent but up at ~ / 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, ao even at high tempera- 
tures you don't nee4 much overcharge. You will tend to increase the positive 
capacity, I believe, and it is not there the next time. 

HOLLECK: Well, tbe products that you make &ring cilarge is dependent 
on the column density on the potential which goes with column density, so if you - 
tlmt is especially obvious at the higher temperature, for example. If you, at 50 
degFeee C. o r  higher overcharge continuously at a C/10 o r  less you can over- 
charge se long as you want. You will never get the same capacity into your plate 
and out amin during diecharge than if you do it at a Mgher rate. 

HOLLECK: Well, the products that you make during charge is dependent 
on the column density on the potenbial which goes with column density, so if you - 

i that is especially obvious at the higher temperature, for example. If you, at 50 
i 
I 



degrees C. o r  higher overcharge continuously a t  a C/10 o r  less  you can over- 
charge as long as you want. You will never get the same capacity into your plate 
and out again during diocharge than if you do it a t  a hisher rate. 

BETZ: But these were continuous overcharge tests,  multiply charged cells. 
They did show a n  increase in capacity from their standing capacities a s  a func- 
tion of t h i ~  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 i s  something that 
i s  extremely interesting which is related to the nickel electrochemically im- 
pregnated nickel electrode versus the chemically impregnated. If you take, for 
example, if you take the electrode that we have, when we measure the caipacity, 
I forget what it is exactly but maybe Joe remembers, but Dirk was doicg some 
very careful measurements on these measurements of the electrochemically 
impregnated nickel electrodes and comparing them to thc flooded measu:ements 
that we hava normally on chemicaily impregnatell electrodes. I don't remember 
the exact number but we a r e  getting 100 o r  some 105 percent, whatever, for the 
electrochemically impregnated electrodes of the theoretical, based strictly on 
the exact weight gain. I t  i s  a very difficult thing with the chemically impreg- 
~nted 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 the same kind of 
utilization with the chemically impregnated electrode that we a r e  getting with 
the electrochemically impregnated. In other words, i t  was the same type of 
charging cycle. We a r e  getting about a s  good as we can get with the electro- 
chemically impregnated electrode, but there i s  obviously a lot of material in 
that chemically impregnrtid electrode that i s  not being utilized and I think that 
i s  the problem and when you go to  the higher charge ra tes  you are starting to 
utilize - you are overcharging more. You a r c  probably utilizing more of the 
active material while you a r e  seeing the difference in capacity. 

HENNIGAN: I don't see any more questiom here. Thank you, Dr. Holleck, 
I hope you all enjoyed your stay here a t  Goddard and the session on the ni-cad 
and nickel hydrogen batteries. 1 guess we will see  you next year. Y m  a r e  wel- 
come to stay in the room if you want to discuss anything o r  look a t  the nickel 
hydrogen battery. You writ tn look a t  i t  for a while, J i m ?  



WNLOP: 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 hvct already been apprised that the 
Solar Voltaic Conference next year is scheduled for the week that we had the 
workshop this year, s o  if you want i t  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 cominq and thank you for participating. 
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NlCd BATTERY FLECTRODES WITH NOMINAL 
CAPACITY OF ABOUT 0 6 AMPERE-HOURS 
SOLUTION: 1% A D I W E  IN 

34 X KOH 

A BEFORE ELECTROLYSIS I 
6 AFTER OhE-HOUR CHARGE 

AT ONE AP" RATE AND 
THEN 22 HOUR CHARGE 
AT 94 mA RATE I 

ADlPlC 
ACID 

INTERNAL 
STD 

5 t 
TIME. mln 

Figure 12. Gas chromatograms 
from the electrolysis products 
of adipb ions 

Figure 14. Probable sequence 
of electrochemical reactions 
'of aminocaprote ion 

ELfClACOES NI-Cd BATTEWT ELECTRODES 
WITH A NOMW4AL CAPACITY OF A B W T  0 6  

- =RE-HOURS SOLUTOH I% 6-AMINCAP.  
RnNfrnYXI60H 
A EEFORE ELECTROLYSIS 
B PFlER 3Omnula CHARGE AT ONE AMP RATE 
C AFTER 6 7  mluh CHARGE AT ONE AMP RATE 

AND T W N  m 5 hov CIIARGC AT 60 m4 RATE 

Figure 1,. Chromatograms 
from the electrolysis prod- 
u2te of 6-aminocaproate 
ions 

Figure 15. Possible nylon degradation 
mechanieme in NiCd batteries 
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Grow in more dilute 
Iess saturated 
solutions 

Solution Iess soturated at: 

1. Highu tnnporature 
2. H ighr  [3H- l  

E 
3. Lower dischorge rote 
4. Higher chorge rote 

Nwr  Eorth orbit 

fl 

+ d i d  Stotel- 

Cd t 10H- 2 Cd(OH)2 t 20- Formed in highly 
saturated solut~ons 

5- (dissolution) 7 - 
Cd + 30H 2 Cd(OHI3 4 2e 

r(Pruipitotion) -3 
Cd(0H); 2 Cd(OH)2 t OH- Solution more saturated at: 

I. Lowu temporotwe 
2. Lower [OH-] 

F 
3. Highar dischorge rote 
4. Lower chmge rate 

b~ynchronous orbit 

Figure 27 

Storage 
Mode 
Tests 

Rondom 

-Long. periods of open 
circuit discharge 

- Long. Low-rate discharge 
maximizes condittons for 
lorge crystal ~ row th  

- ~horga/discharge regime 
promotes convection 

- Moximum amount of 
Cd(OHI2 present 

- No Cd(0H) j via 
discharge reaction 

- No electric field 

- Electr~c field present 

Figure 28 

- Minimv~m amount of 
Cd(OH)2 present 

-Sore Cd(0H); via self 
di t charge 

- No convection 

- Electrcc field present 

- Continous agitation of 
reporator ore0 of 02 

genuated ot th. positive 
plate (retords crystal 
wowth) 
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ECLIPSE SEAS(II NO. 1 ECLIPSE SEASON WO. 5 ( M E  1) ECLIPSE S m  NO. 8 ( W E  2 1  
~INIIIW (UXIIIW WINI~U~ WAXIIIW n1n1IIW (UXIW 

( ) = CELL POSITIW M t R  

NOTE 1: BEFORE RECO(D1TIOHING TO LMI  VOLTAGE 

WTE 2: TYO ECLIPSE SEASONS ACICR RECONDITIOHING 

Figure 52. Cell lot end-of-discharge voltage performance on life test 

NET 
ELECTROLYTE 
WEIGHT 
Isl---- 

164.5 

179.0 

161 . I  

162.5 

F IWL 
STEADV-STATE 
OVEQWiARGE 
PRESSURE 
@_=kll-- 

22 

30 

31 

59 

MMBER OF 
ELECTROLYTE 

CAPACITV CAPACITV CAPACITl 
AT AT TRY AFTER 30 CYCLE 
SUPPLIER 3RO CYCLE BURN-IN 
( ~ h t o i v )  ! ~ h t o i . i v l  ( ~ h t o i . 1 ~ )  

1 58.5 63.8 63.1 

Figure 53. Cell manufacturing and test data by lot numbers 



F
ig

ur
e 

55
. 

S
ea

l l
ea

ka
ge

 t
e

s
t 

su
m

m
ar

y 

F
ig

u
re

 5
6 

Fi
gu
re
 5

4 
M
A
S
S
 
T
R
A
N
S
F
E
R
 
C
O
N
S
I
D
E
R
A
T
I
O
N
S
 

I
.
 

R
e
d
u
c
t
i
o
n
 
o
f
 
C
o
n
c
e
n
t
r
a
t
i
o
n
 
O
v
e
r
p
o
t
e
n
t
i
a
l
 

1
1
.
 

R
e
d
u
c
t
i
o
n
 
o
f
 G
a
s
 
E
v
o
l
u
t
i
o
n
 

1
1
1
.
 
P
o
w
e
r
 S
a
v
i
n
g
 

K
I
N
E
T
I
C
 
C
O
N
S
I
D
E
R
A
T
I
O
N
S
 

I
.
 

Z
n
f
 l
u
e
n
c
e
 o
f
 N
o
n
f
a
r
a
d
a
i
c
 
P
r
o
c
e
s
s
 

1
1
.
 

M
o
d
i
f
i
c
a
t
i
o
n
 
o
f
 E
l
e
c
t
r
o
d
e
 
K
i
n
e
t
i
c
s
 

S
T
R
U
C
T
U
R
A
L
 
C
O
N
S
I
D
E
R
A
T
I
O
N
S
 

I.
 

C
o
m
p
o
s
i
t
i
o
n
 
o
f
 
A
c
t
i
v
e
 
M
a
t
e
r
i
a
l
s
 

11
. 

C
r
y
s
t
a
l
l
i
n
e
 
S
i
z
e
 
a
n
d
 
S
t
r
u
c
t
u
r
e
 

F
ig

u
re

 5
7 



APPROACH OF PULSE CHARGING PROJECT 

I .  Half-Cell  Studies 

11.  Theoretical  I n v e s t i ~ a t i o n  

111. Battery Test ing 

Figure 58 Figure 60 

-4 I // / / 

BAS1 C ASPECTS OF BATTERY CHARGING 
P. , 

I .  Mass Trans fer  

11. Elec trode  K i n e t i c s  

111. Struc ture  o f  E lec trodes  

Figure 59 Figure 61 
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Zigure 85 SMS battery ten- 
perature profile for a typical 
24 hour equinox period 

Figure 86. Summary of SMS battery 
cell capacity characteristics 

Figure 87. SMS orbital eclipse 
season 1 - uattery voltage 

Figure 88. SMS crbital eclipse 
seaeon 2 - batb:.y voltage 



Figure 89. SMS orbital eclipse 
season 3 -battery voltage 

Figure 90. SMS battery discharge 
characteristics 

Figure 91. NATO IV spacecraft 
battery assembly (22.4 W H / L ~  
energy storage) 

Figure 32. NATO III battely 
assembly 

Figure 93. Design evolution 
(bwlrground) 
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Figure 121 

Figure 122 
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Figure 155. Ni-Cd single cells 
at 75OF 

Figure 156. Single Ni-Cd cell 
at 75OC 

Figure 157. Used and defective 
Ni-Cd cells at 75OC (solid line 
represents results of good cells 
given) 

Figure 158. Effect of charge-discharge 
cycles on response current of nickel- 
cadmium cells 



Figure 159. Response current versus 
temperature for different state of 
charge 

Figure 160 

Figure 161. Four-cell nickel- 
cadmium batteries at 75OF 
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Figure 174. Naval weapons support 
center crane OAO storage test 10 
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Figure 175. 10 ampere discharge 
to 0.5 volts - cont. 

Figure 176. OAO storage test pack 
217A ~ / 2 0  trickle charge voltage 
profile for 10 ampere (C/2) dis- 
charge. Temperature - 25°C 
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PLOT CELL CYCLE RMPS 8 - H  N-H 
1  3  100 C 0 .10 0 . 2 9  0 .41  

0  0.23 0 .27 0.34 

2 3 500 C 0 .10  0 . 2 9  0 .41  
D 0 - 2 3  0 .27  0.34 

b 

Figure 218 

PLOT C E L L  C Y C L E  RKPS A-H N-H 
1  3  9GO C 0 .10 0 .29 0 .41 

!!, D 0.23 0 .27 0.34 

1 3 1200 C 0 .11 0 .30 0 .43 
D 0 .23 0 .28  0 .35 

Figure 219 
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orbit cycling 

Figure 238. C/10 rate 
charge/diecharge 

Figure 240 
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CELL CAPACITY, VAChLI.! F ILL  16.7 CC 

I I J T I A L  LCISS (RUiJ 1-51 3,45 CC ( 2 . 7 : )  

CYCLE LOSS CkFkCI7\ lLST 
I ~ G .  CC WkCti;i  RbH PIG, 

TOTAL 1.d 10.9 

Figure 247. Electrolyte loss 

HUN CHARGE OPEk CKT, OXYGEN 
NO, RATE T I  /.It TIME PLRCEIJT 

AMPS HRS . HKS, LOC LO-OC 

Figure 248. Oxygen generation in a 3 A-HR 
nickel-hydrogen cell 
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