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NOTICE 

This r e p o r t  was prepared a s  an account of Government - sponsored 
work. Nei ther  t h e  United S t a t e s ,  nor  t h e  Nat ional  Aeronautics 
and Space Administration (NASA), nor any person a c t i n g  on behalf  
of NASA : 

(a) Makes warranty o r  r ep resen ta t ion ,  expressed o r  
implied wi th  r e spec t  t o  t h e  accuracy, complete- 
ness ,  o r  usefu lness  of t h e  information contained 
i n  t h i s  r e p o r t ,  o r  t h a t  t h e  use of any informa- 
t i o n ,  apparatus ,  method, o r  process d isc losed  i n  
t h i s  r e p o r t  may n o t  i n f r i n g e  p r i v a t e l y  - owned 
r i g h t s ;  or 

(b) Assumes any l i a b i l i t i e s  w i th  r e spec t  t o  t h e  use 
o f ,  or f o r  damages r e s u l t i n g  from t h e  use of any 
information,  apparatus ,  method, o r  process  d i s -  
c losed i n  t h i s  r epor t .  

A s  used above, "person a c t i n g  on behalf  of NASA' inc ludes  any 
employee o r  con t r ac to r  of NASA, o r  employee of such con t r ac to r ,  t o  
t h e  ex ten t  t h a t  such employees o r  con t r ac to r  of NASA, o r  employee 
of such con t r ac to r  prepares ,  disseminates ,  o r  provides access  to, 
any information pursuant  t o  h i s  employment with such cont rac tor .  

Requests f o r  copies  of t h i s  r e p o r t  should be r e f e r r e d  to :  

Nat ional  Aeronautics and Space Administration 
Off ice  of S c i e n t i f i c  and Technical Information 
Washington 25 ,  D. C. 

At tent ion:  AFSS-A 
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B. 

C. 
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Ten prototype 5.0 AH c e l l s  designed f o r  high impact have been de l ive red  
t o  JPL. 
pe r  second survived t h e  shock i n  t h e  te rmina ls  a f t  d i r ec t ion .  Other 
t e s t s  scheduled. Design f e a t u r e s  needed f o r  high impact a f t e r  hea t  
s t e r i l i z a t i o n  reduce opera t ing  energy d e n s i t y  from rl-3 t o  11 watt-hours 
per  pound. El iminat ion of non-woven absorber on p o s i t i v e  p l a t e  de- 
creased discharge capac i ty  40% from t h e  expected 6.0 AH a t  t h e  4.6 A 
r a t e .  

One c e l l  t e s t e d  a t  4,000 g and an impact v e l o c i t y  of 120 f e e t  

Seven advanced high cycle  l i f e  c e l l  designs have each de l ivered  22-27 
AH an i n i t i a l  cyc l ing  t e s t s  a t  100% depth a t  t h e  2 ,  8 ,  and 1 6  ampere 
d ischarge  r a t e s .  A t o t a l  of 60 ce l l s ,  a l l  of 20 AH nominal capac i ty ,  
a r e  now on 400 cyc le  t e s t s  on two routines::  (1) 10-hour charge/l4 
hour discharge and (2) 21-hour charge/3 hour discharge.  

Seventy ampere-hour long l i f e  4-cycle c e l l s  have been developed through 
prototype s tage .  R e l i a b i l i t y  l i f e  t e s t s  were underway a t  terminat ion 
of t h e  t a s k  t o  v e r i f y  optimum techniques f o r  i n t e r p l a n e t a r y  t r a v e l :  
charged, discharged,  o r  f l o a t  s tand.  I n i t i a l  100k depth cyc les  a f t e r  
72 hours hea t  s t e r i l i z a t i o n  a t  135°C gave 53 W l b .  and 3.7 WH/i=s- 
charge energy a t  t h e  5-hour r a t e .  

Eight  prototype 25 AH c e l l s  designed t o  surv ive  shocks of 4000 g from 
120 f e e t  per  second a r e  under eva lua t ion  a t  JPL. Cycle l i f e  t e s t s  a t  
ESB a f t e r  72 hours h e a t  s t e r i l i z a t i o n  a t  135°C have exhib i ted  72-75 
cyc les  a t  50% depth,  2 cycles  per  day, on E! 90 cyc le  goal. Energy 
dens i ty  a t  t h e  r a t e d  C/2 load  is  21.5 WH/lb. and 1 , 6  WH/in3 of sea led  
c e l l .  

Development of t h e  5 and 25 AH high impact (4,000 g) c e l l s  and t h e  70 
AH long l i f e  &-cycle c e l l s  has been terminated. Tables 11, V I I I ,  and 
X provide a summary of ob jec t ives  vs  accomplishments a t  terminat ion 
f o r  each c e l l  design, 
i n  t h e  drawing l ists:  

Complete design d i sc losu re  has been made t o  JPL 

C e l l  Design 
ESB Model Drawing L i s t  

Number Number 

5 AH High Impact C e l l  3 6 1  D/L 361 Rev. D 
25 AH High Impact C e l l  3 62 D/L 362 Rev. D 
70 AH Long L i f e  &-Cycle C e l l ,  364 D/L 364. Rev. G 
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FABRICATION AND TESTING OF CELLS 

I. DEVELOPMENT OF HIGH IMPACT 5.0 AH CELLS - TASK 9 

A, Objective and P a s t  Work 

5 . 0  AH sea led  c e l l s  must be  developed t o  meet t h e  requirements of 

JPL Spec i f i ca t ion  GMP-50437-DSN-C and Engineering Memorandum 342-70 with a 

simulated hard landing  impact of 2,800 +200 g from 115 +3 feet/second 

ve loc i ty .  Ce l l s  hea t  s t e r i l i z e d  72 hours a t  135°C unformed, and then  

charged, have de l ive red  11.0 AH a t  3.3 AH t o  1.25 v o l t s  a t  43 WWlb i n  a 

non-high impact design. With s i l v e r  shee t  p l a t e  reinforcements,  impacts 

of 2,400 g were survived with some evidence of f a i l u r e  i n  t h e  t ab  bending 

mode when shocked te rmina ls  forward. Prototypes were shipped i n  a design 

with zirconium re inforced  p o s i t i v e s  and massive negat ive g r i d s  having 

pockets f o r  a c t i v e  m a t e r i a l  etched i n t o  t h e  s t r u c t u r e  chemically. 

B. E l e c t r i c a l  Tests a t  ESB and Shock Tes t s  a t  JPL 

Twelve 5 . 0  AH c e l l s  i n  t h e  f i n a l  design were f a b r i c a t e d ,  hea t  

s t e r i l i z e d  72 hnurs a t  135"C, and cycled through one cycle.  

were shipped t o  JPL f o r  impact t e s t i n g  t o  4,000 g. Two c e l l s  were r e t a i n e d  

a t  ESB f o r  cyc le  l i f e  t e s t s .  Table I summarizes cycl ing d a t a  on one of 

t hese  c e l l s ,  Performance a f t e r  cyc le  1 was only 60% of expected. The 

pos tu la ted  explanat ion i s  t h e  absence of a p o s i t i v e  p l a t e  absorber and f r e e  

e l e c t r o l y t e  over e n t i r e  f a c e  of p o s i t i v e  p l a t e s .  

c e l l  of Task 1 2  having a very s i m i l a r  p l a t e  design i s  performing we l l  and 

has a p o s i t i v e  p l a t e  absorber.  

Ten c e l l s  

The 25 AH s i z e  high impact 

I n i t i a l  a t tempts  t o  p o t  t h e  c e l l s  i n t o  t h e  shock f i x t u r e  a t  JPL 

produced cracks i n  t h e  polyphenylene oxide c e l l  cover. The epoxy apparent ly  
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t r i g g e r e d  c raz ing  i n  a reas  s t r e s s e d  dur ing  molding of t h e  covers .  Since 

leakage t o  ground was minor, t h e  c e l l  was shocked te rmina ls  a f t  a t  over 

4 ,000  g and surv ived  t h e  t e s t .  Covers on t h e  remaining c e l l s  a r e  t o  be 

mi l l ed  o f f  and rep laced  wi th  annealed covers  p r i o r  t o  the  remaining shock 

t e s t s  . 

Table I1 summarizes 5 AH c e l l  a t t r i b u t e s  vs  s p e c i f i c a t i o n  re- 

quirements achieved t o  da t e .  The c e l l  des ign  i s  completely c o n t r o l l e d  

by ESB P/N 361-2000 and a l l  drawings re ferenced .  

C .  Future Work 

A s  d i r e c t e d  by JPL work on t h e  h igh  impact c e l l s  has  been terminated.  

JPL w i l l  r e t a i n  t h e  1 0  pro to type  c e l l s  f o r  a d d i t i o n a l  shock tes t  eva lua t ion  

a t  4 ,000 g.  

11. DEVELOPMENT OF HIGH CYCLE LIFE 48 AH CELLS - TASK 1 0  

A .  Objec t ives  and P a s t  Work 

JPL S p e c i f i c a t i o n  50436-DSN-B requ i r e s  development of s e a l e d  

Ag-ZnO c e l l s  capable  o f  one yea r  prelaunch s t o r a g e ,  h e a t  s t e r i l i z a t i o n  

f o r  72 hours a t  135"C, f l i g h t  acceptance t e s t s ,  launch,  9-month i n t e r -  

p l ane ta ry  c r u i s e ,  s o f t  l and ing  impact of 200 g (0.7 msec), and 400 charge - 

discharge  cyc le s  a t  50% of  r a t e d  capac i ty .  An experiment w i t h  2 7 ,  16  AH 

c e l l s ,  a one- th i rd  r e p l i c a t i o n  of  a 3 f a c t o r i a l  design,  has been c a r r i e d  

through 100  cyc le s .  Effects on capac i ty  maintenance of  t e f l o n  (5, 7 ,  9 

pe r  cent )  added t o  nega t ive  and s i n t e r e d ,  wet t h i ckness  of GX membrane 

s e p a r a t o r  (2.0,  2.4,  2.8 m i l s )  and e l e c t r o l y t e  concent ra t ion  (41, 43, and 

45%) were - not  s t a t i s t i c a l l y  s i g n i f i c a n t .  Capacity was shown t o  inc rease  

l i n e a r l y  wi th  inc reas ing  ZnOIAg weight r a t i o  a t  l e v e l s  0.9,  1 . 2 ,  and 1 . 5  
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when c e l l s  were no t  e l e c t r o l y t e  l imi ted .  

absorber on p o s i t i v e s  d id  no t  prevent e l e c t r o l y t e  l i m i t a t i o n .  

A Eegative p l a t e  wrap with no 

B. F a c t o r i a l  Cvcling Test  

Cycling continued t o  100  cyc les  a t  10OoJo depth OF t h e  1 6  AH 

nominal capac i ty  c e l l s  a t  which po in t  t h e  t e s t  w a s  terminated, 

c e l l s  were d i s sec t ed  and phozographs made of e ros ion  p a t t e r n s  OS! t h e  

negat ives ,  corresponding black and whitle p a t t e r n s  on uhe p o s i t i v e  plazes ,  

All 

and A g  pene t r a t ion  Through t h e  SWRI GX membrane. Each photo showed orae 

s i d e  of 4 p o s i t i v e  p l a t e s ,  5 negati.ve p l a t e s ,  and t h e  l a s t  5 l a y e r s  [of 9) 

GX membrane unfolded. Negative e ros ion  of a l l  p l a t e s  was from top  t o  

bottom leaving  a dome shaped p a t t e r n  i n  t h e  lower SoO/o of p l a t e  a rea  a t  

100  cycles .  A t  t h e  same cycle  l i f e  e ros ion  wars g r e a t e r  with rincreasing 

GX wet th ickness  allowance and decreasing ZnQ/Ag r a t i o .  F igure  l gives  

t h e  experimental  design,  t h e  t r ends  of Ag pene t r a t ion ,  and cyc les  t o  

f a i l u r e  by s h o r t  o r  te rmina t ion  of test. Ag pene t r a t ion  increased  w i T h  

decreasing KOH concentrati.cn and inc reas ing  wet GX t h i  clcness allowance. 

Capacity maintenance a t  cyc les  1, 38, and t h e  l a s t  cyc le  can be 

obtained on an average b a s i s  from t h e  da t a  accumulated, The s i g n i f i c a n t  

t r ends  are:  

Weight Number Mean Discharge Capacity - AH 

ZnO/Ag C e l l s  1 5 -- 38 4.5 5 2  100 
Rat io  of Cycle Cyc1.e Cycle Cycle cy c .L e Cycle 

1 .5  7 19 .7  16. I 1 0 , 9  8.9 12 .3  9.2 

1.2 9 19.5 I5 .S  1.2. 1 LO. h! 11. S 8.4 

0.9 8 21.5 15.8 LO. L 8.8 9.9 8 .  P 
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Between cyc le  46 and cyc le  48 e l e c t r o l y t e  was ad jus ted  t o  o r i g i n a l  

weight p lus  5% (by removing pressure  gages),  t h e  c e l l s  were l e t  down, 

and then cyc l ing  was resumed. The major and sus t a ined  inc rease  i n  

capac i ty  from t h i s  t rea tment  was i n  t h e  1 - 5  r a t i o  group, I n  a l l  groups, 

however, t h e  rap id  f a l l - o f f  i n  capac i ty  i s  a t t r i b u t e d  t o  l a c k  of a posi-  

t i v e  p l a t e  absorber and t h e  i n a b i l i t y  of t h e  9L GX sepa ra to r  t o  pass  

e l e c t r o l y t e  f r e e l y  t o  maintain t h e  des i r ed  KOH concentrat ion a t  both 

p o s i t i v e  and negat ive  p l a t e  surfaces .  

C. Development of 20 AH High Cycle L i f e  Ce l l s  

I n  accordance with Modification 25 of t h e  con t r ac t  development 

was concentrated on a 20 AH c e l l  s i z e  t o  d e l e t e  t h e  c o s t  of scale-up t o  

a 48 AH s i z e  c e l l .  S i x t y  c e l l s  were then manufactured i n  seven d i s t i n c t  

designs s e l e c t e d  t o  g ive  400 cycles  a t  58/0 depth of discharge.  A l l  

designs have a non-woven polypropylene p o s i t i v e  p l a t e  absorber  - e i t h e r  

Kendall EM476 (E-1488) i r r a d i a t e d  t o  improve e l e c t r o l y t e  wicking and 

r e t e n t i o n  o r  Pe l lon  FT 2140 - both s t a b l e  t o  a t t a c k  by 45% KOH during 

hea t  s t e r i l i z a t i o n  a t  135°C. 

eva lua t ion  of 8 vs  10  l a y e r s  SWRI-GX membrane, extended vs  non-extended 

negat ive p l a t e s ,  p o s i t i v e  o r  negat ive wrap, and a s p i r a l  wrap, A 9 1  c e l l s  

have t h e  fol lowing common design fea turcp:  

(2) 
Experimental design w i l l  permit  cycle  life 

Molded PPO j a r ,  cover, and epoxy sea l .  

Teflonated and s i n t e r e d  negat ives  wi th  a minimum 

ZnO/Ag r a t i o  of 1 ,S : l .O by weight. 

45% KOH s a t u r a t e d  with ZnQ. 

Four p o s i t i v e  p l a t e s  (17.8 g Ag a c t i v e  mater ia l )  and 

f i v e  nega t ive  p l a t e s  

(2) JPL Contract 951972 F i n a l  Report December 31, 1969 ,  p 1-3. 
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All c e l l s  were a c t i v a t e d  by submerging inver ted  i n  e l e c t r o l y t e  

and pumping down t o  a vacuum of 29  i n .  Hg r e l e a s i n g  gradual ly  t o  atmos- 

phe r i c  pressure.  Calculated volumes t o  t h i s  f looded condi t ion agreed 

c l o s e l y  wi th  a c t u a l  volumes ca l cu la t ed  from observed weight increases .  

After a bake-out per iod of 20 hours a t  lOO"C, excess e l e c t r o l y t e  

was removed under 22 inch  Hg vacuum and t h e  f i n a l  weight of e l e c t r o l y t e  

obtained by addi t ion  t o  a pre-determined value.  All c e l l s  were then 

sea led  wi th  an "0" r i n g  s t a i n l e s s  s t e e l  plug a s se rb ly ,  and hea t  s t e r i l i z e d  

72 hours a t  135°C i n  ni t rogen.  Weight losses dur ing  hea t  s t e r i l i z a t i o n  

ranged from 0.5 gram t o  1.5 gram a s  water  except f o r  one c e l l  which l o s t  

10.2 grams around t h e  p lug  assembly, This c e l l  was resea led  a f t e r  

rep lac ing  8.5 grams of e l e c t r o l y t e .  

A complete t e s t  procedure,  prepared t o  desc r ibe  a l l  t e s t i n g  on 

t h i s  t a s k  i n  d e t a i l ,  was reviewed and approved by JPL, A b r i e f  summary 

of t e s t s  i s  given below f o r  t h e  1 2  5 - c e l l  groups: 

Cycles 1 t h r u  3 
a t  100/, depth 

Charge Rate 
0 .4  A t o  
2.00 v o l t s  

Cycles 4 t h r u  400 Charge Time 
a t  50% depth hours 
1 cycle/day 

Group A (25 c e l l s )  1 0  
Group B (35 c e l l s )  20 2/3 

Discharge Rate 
8 ,  3 ,  o r  1 6 A  t o  
1.25 v o l t s  pe r  c e l l  

Discharge Time 
Hours 

1 4  
3 1/3 

Table 111 summarizes t h e  5 - c e l l  group mean discharge capac i ty  

f o r  each of t h e  f i r s t  t h r e e  100% discharge cycles .  A l l  c e l l  groups a r e  

performing wi th in  expectat ions.  On formation charge a f t e r  hea t  s t e r i l i z a t i o n  

t h e  h ighes t  p ressure  reached by any c e l l  was 7 p s i  with 20-30 p s i  an t i c ipa t ed .  

The decrease i n  pressure  i s  a t t r i b u t e d  t o  t h e  absence of an epoxy p la t e - lock  

considered e s s e n t i a l  f o r  maximum pro tec t ion  a g a i n s t  v i b r a t i o n  damage, 

-5 - 



D. Future  Work 

Cycling panels  have been completed and during t h e  next  q u a r t e r  

d a i l y  cyc les  on t h e  two rou t ines  w i l l  be run automatical ly ,  

a n t i c i p a t e d  a r e  (1) decrease i n  p o s i t i v e  p l a t e  su r face  and capac i ty  on 

t h e  10-hour charge/l4-hour discharge rou t ine  and (2) i d e n t i f i c a t i o n  of 

optimum charge vo l t age  s e t t i n g s  f o r  t h e  var ious  design groups t o  b e s t  

maintain capac i ty  on charge. 

Problem a reas  

111. DEVELOPMENT OF RECHARGEABLE PRIMARY 70 AH CELLS - TASK 11 

A. Object ives  and P a s t  Work 

Sealed wet hea t  s t e r i l i z a b l e  70 AH c e l l s  designed t o  meet t h e  

requirements of JPL Engineering Memorandum 342-73- have been developed and 

prototypes de l ive red  t o  JPE. A sweeping s i n e  v i b r a t i o n  t e s t  a t  l e v e l s  

from 5 g a t  17-50 cps t o  35 g a t  100 t o  2000 cps demonstrated t h e  need 

f o r  s l eev ing  on t h e  massive p l a t e  l ugs  t o  inc rease  l u g  t i g h t n e s s  t o  

e l imina te  severe  vo l t age  f luc tua t ion .  A s i n g l e  l o t  of 27 r e l i a b i l i t y  

c e l l s  was prcduced ir: thc f i n d  design t o  e v a l w t e d  performance a f t e r  

discharged,  charged, o r  f l o a t  s tand  a t  50, 70, and 90°F. 

B. I n i t i a l  Cycles on R e l i a b i l i t y  Tes t  Ce l l s  

Twenty-seven Model 364 c e l l s ,  manufactured t o  ESB D,& 364 Revision F ,  

completed preformation charge, hea t  s t e r i l i z a t i o n  of 72 hours a t  135°C i n  

n i t rogen ,  formation charge,  and cyc les  1 and 2, Cel l  performance i s  pre-  

sented i n  Table I V  a s  t h e  mean of 27  c e l l s  wi th  minimum and maximum 

observat ions.  Cycle 2 discharges a r e  d e l i v e r i n g  energy a t  53 WHAb and 

3.7 WWin3 a t  t h e  5 hour r a t e ,  Figure 2 shows performance as  a func t ion  

of discharge r a t e .  

- 6- 



Because of t h e  high p res su res  recorded during formation charge 

(mean 28 psig)  two c e l l s  were manufactured and preformed t o  5oO/09 r a t h e r  

than 1OoO/o of t h e  t h e o r e t i c a l  capac i ty  of compound 323-43, preserv ing  ha l f  

of t h e  compound t o  r e t a r d  gassing dur ing  formation a f t e r  hea t  s t e r i l i z a -  

t i o n .  Af t e r  72 hours a t  135°C t h e  remaining 5oO/, was converted a t  t h e  

preformation r a t e .  

r a t e  of 0.9A. 

t o  a maximum pressure  of 20 psig.  

t h e  f r a c t i o n  of compound 323-43 preformed before  hea t  s t e r i l i z a t i o n  w i l l  

no t  e l imina te  gass ing  on formation. Related work on another  con t r ac t  

has shown t h a t  gass ing  on formation charge can be con t ro l l ed  by 

decreasing t h e  charge r a t e  during t h e  first 500A of t h e  formation. 

A t  t h i s  p o i n t  t h e  formation was begun a t  t h e  normal 

C e l l  S/N 46 reached 44 p s i g  and was vented; S/N 47 rose 

These pressures  a f f i rm t h a t  decreasing 

C. Storage Tes t s  

Following t h e  above cycl ing 22 cel ls  were divided i n t o  t h r e e  

groups t o  eva lua te  wet l i f e  on charged s tand ,  discharged s t and ,  and 

f l o a t  charge a t  1.87 v o l t s  pe r  c e l l .  Tables V ,  V I ,  and V I 1  summarize 

t h e  t r ends  i n  each group of vo l t ages  and p res su res  observed t h e  f i r s r  

31 days of t e s t  i n  t h e  s to rage  box at72.'+3% A marked f l u c t u a t i o n  i n  f l o a t  

cu r ren t  was observed i n  t h e  f l o a t  charge group a s  t h e  cu r ren t  decayed t o  

1 0  ma pe r  s e r i e s  s t r i n g  of 9 c e l l s .  It  is  l i k e l y  t h a t  some discharge 

may occur when a l l  c e l l s  reach an equi l ibr ium s t a t e  a t  t h e  s e l e c t e d  

1-87 v/c f l o a t  vo l tage .  No sus ta ined  pressure  r i s e  was experienced i n  

any group, and no c e l l s  exhib i ted  evidence of shor t ing .  

D. Future  Work 

Work on t h i s  t a s k  was terminated by Modification 24. of t h e  con- 

t r a c t ,  A l l  c e l l s  under t e s t  were shipped t o  JPL with no f a i l u r e s  experienced 

a t  t h a t  d a t e  due t o  s tand.  Table V I 1 1  summarizes achievements us  s p e c i f i -  

ca t ion  requirements a t  t h e  t ime of te rmina t ion  of t h e  task .  
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IV 0 DEVELOPMENT O F  HIGH IMPACT 25 AH CELLS - TASK 1 2  

A. 0b.iectives and P a s t  Work 

This t a s k  covers t h e  development and t e s t  of 25 AH sea l ed  Ag-ZnO 

c e l l s  capable of 72 hours wet hea t  s t e r i l i z a t i o n ,  9-months i n t e r p l a n e t a r y  

c r u i s e ,  p l a n e t  entry, ,  a hard landing shock of 4,000 ng" i n  any a x i s  p lus  

90 f i f t y  p e r  cent  depth cycles., The governing s p e c i f i c a t i o n  i s  JPL 

Engineering Memorandum 342-68. Engineering design c e l l  packs i n  machined 

Luci te  j a r s  t e s t e d  a t  4,200 =gP" wi th  no hea t  s t e r i l i z a t i o n  f a i l e d  only  

i n  t h e  te rmina ls  forward shock with bending of p o s i t i v e  p l a t e  s t r u t s .  

Redesign s t i f f e n e d  t h e  s t r u t s  wi th  molded shims wedged between p o s i t i v e  

s t r u t s .  Prototype ce l l s  with molded PPO c e l l  cases ,  covers,  and subcovers 

were manufactured successfu l ly .  Negative a c t i v e  ma te r i a l  was t e f lona ted  

b u t n o t  s i n t e r e d  on t h e  massive g r i d  i n  order  t o  r e t a i n  maximum column 

s t rength .  Negative p l a t e s  were i n s e r t e d  i n t o  s l o t s  molded i n  t h e  j a r  

wal l s  while p o s i t i v e  p l a t e s  were suspended from t h e  cover s e a l  and wrapped 

with t h e  c e l l  s epa ra to r  system. A l l  12 c e l l s  survived hea t  s t e r i l i z a t i o n  

72 hours a t  135°C; however, on formation charge a t  t h e  normal r a t e ,  gass ing  

a t  t h e  negat ive p l a t e s  was s u f f i c i e n t  t o  bulge j a r  wal l s  100  m i l s  and a11 

c e l l s  were vented. Venting was requi red  on a t  l e a s t  one of 1 2  c e l l s  

throughout t h e  formation charge. Therefore,  a l l  c e l l s  were sea led  and 

remained sealed.  Charge inpu t  was 82% of t h e o r e t i c a l  and discharge output  

was 73-98% of i n p u t ,  more v a r i a b l e  than desired.  Eight  c e l l s  were shipped 

t o  JPL f o r  4,000 "g" tes ts  and fou r  cel ls  were r e t a ined  a t  ESB f o r  cyc l ing  

t e s t s ,  
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B. Cycle L i f e  Tes ts  of 25 AH High Impact Ce l l s  

JPL s p e c i f i c a t i o n  ob jec t ives  were a 1 2 - c e l l  b a t t e r y  package 

d e l i v e r i n g  400 watt-hours r a t e d  capac i ty ,  and a c a p a b i l i t y  of n ine ty  (90) 

charge/discharge cyc les  a t  50% depth a f t e r  one year  prelaunch s to rage ,  

hea t  s t e r i l i z a t i o n ,  9-month i n t e r p l a n e t a r y  t r a v e l ,  and a 4,000 "8" hard 

impact landing on a p l ane t ,  F igure  3 i s  t h e  vo l t age  vs t ime discharge 

curve of 4 c e l l s  a t  1 2  amps. Table I X  r e l a t e s  t h e  2 r a t e  discharge r e -  

quirement f o r  t h e  b a t t e r y  and t h e  c e l l  loads s e l e c t e d  f o r  t h e  cycle  t e s t  

rou t ine .  To save t e s t  t ime t h e  10-hour charge/l4-hour discharge was 

reduced t o  a 10-hour charge/2-hour d ischarge  by a 6 . 1  i nc rease  i n  d i s -  

charge energy a t  t h e  high r a t e  (16.7 wa t t s / ce l l ) .  Figure 4 shows t h e  

e f f e c t  of discharge r a t e  on vol tage  and wattage dur ing  5-second pulse  

cu r ren t s  a t  2 ,  6 ,  1 2 ,  25, and 50 amperes taken i n i t i a l l y  and a t  40% 

depth of a 1 2  ampere discharge.  The high impact c e l l s  were a b l e  t o  s u s t a i n  

t h e  2 C  discharge r a t e  q u i t e  w e l l .  Cycling a t  t h e  higher  r a t e s  was t h e r e f o r e  

i n i t i a t e d  a s  a conservat ive t e s t  of cyc le  l i f e  before  t h e  high impact. 

F igure  5 i s  a curve of t h e  end of discharge vol tages  (high and low r a t e s )  

a s  a func t ion  of cyc le  l i f e .  Out of f o u r  c e l l s  i n  t h e  s e r i e s  group t h e  

first two ce l l s  f a i l e d  by z inc  pene t r a t ion  a t  cyc les  72 and 75 r e spec t ive ly .  

The t h i r d  c e l l  f a i l e d  by capac i ty  a t  1 2 1  cyc les  and t h e  t e s t  was terminated,  

Cycle l i f e  of t h i s  c e l l  design thus  appears t o  be 70-125 cyc les  

i n  a wet charged l i f e  of 5-6 months inc luding  72 hours hea t  s t e r i l i z a t i o n  

a t  135°C i n  t h e  uncharged s t a t e ,  

E-1488 and 7L Southwest Research I n s t i t u t e  GX. High impact design r equ i r e s  

The sepa ra to r  system was 1L Kendall 
, 

a l l  t h e  z i n c  a c t i v e  m a t e r i a l  t o  be  r e in fo rced  wi th  a pocket type  negat ive  

gr id .  Pocket a r ea  and volume i s  only 60-70 per  cen t  of t he  g r i d  a rea  and 
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volume, r e s t r i c t i n g  t h e  r a t i o  of ZnO/Ag a c t i v e  ma te r i a l  by weight t o  

0.8 i n  t h e  c e l l  pack design. Post-mortem of these  c e l i s  showed eros ion  

top  t o  bottom although t h e  t e f l o n  matr ix  remained i n  t h e  etched pockets 

of t h e  gr id .  The low r a t i o ,  t h e  downward eros ion  p a t t e r n  and r e s u l t a n t  

d e n s i f i c a t i o n  cont r ibu ted  t o  f a i l u r e  a t  72 cyc les  by z inc  pene t ra t ion .  

C, Future Work 

Modification 24 of t h e  con t r ac t  terminated work on t h e  25 

AH high impact c e l l .  Missions i n  t h e  f u t u r e  a r e  most l i k e l y  t o  be s o f t  

l anders  n o t  r equ i r ing  4,000 =gn impact capab i l i t y .  

t a s k  ob jec t ives  vs  accomplishments a t  da t e  of terminat ion.  The e i g h t  

remaining c e l l s  a r e  a t  JPL f o r  continued eva lua t ion  of cyc l ing  a f t e r  

impact t e s t s .  

Table X summarizes 

w e  
DEVELOPEM: OF 25 AH MEDIUM CYCLE L E E  CELL - TASK 13 

This t a s k  was terminated by Modification 24 a t  95% completion with 

ob jec t ives  met o r  exceeded. A l l  c e l l s  manufactured f o r  t e s t  a t  ESB had 

completed scheduled t e s t s  except cyc l ing  a f t e r  low impact shock and 

v i b r a t i o n  a t  JPL. The c e l l s  designated f o r  t h e s e  t e s t s  were shipped t o  

JPL and a r e  being evaluated the re .  The f i n a l  design ve r s ion  of t h i s  

c e l l  incorpora t ing  improvements t o  extend wet l i f e  i s  being evaluated f o r  

cycle  l i f e  a f t e r  200 hours wet hea t  s t e r i l i z a t i o n  p lus  discharged and 

f l o a t  charged s tand  f o r  per iods from 4 t o  1 4  months on Martin-Marietta 

Company Contract  RC9-841011. 
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TABLE I 

Cycle 
No. 

1 

2 

3 

FOUR CYCLE TEST ON 5 AH HIGH IMPACT CELL 

Charge 

Amps AH 
Current Capacity 

0.15 7.27 (1) 

0.20 6.14 

0.20 4. 40 

0 - 2 0  4.90 

0.15 4.35 0 1  

0.15 4.04 

Discharge 
Curr en t Capacity 

Amps AH 

3.20 5.55 
0.65 0.62 

6.17 
__. 

3.20 3 - 2 0  (2) 

4.6 4 - 5 0  
0.60 1.0 
5.10 
_a 

4.6 3.68 

4.6 3.90 

Eff i c i ency  
Voltage AH/ 

Vol ts  gAg 

0,26 
0.03 
0.29 
- 

0.15 

0 .21  
0.03 
0.24 

0.17 

0.19 

NOTES: (1) Cycles 1 and 5 charges included p a r t i a l  discharge - recharge. 

(2) 30 day charged s t and  t e s t .  

(3) T e s t  end vol tages :  2.00 v o l t s  on charge,  1.25 v o l t s  on 
discharge.  
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TABLE I1 

DEVELOPMENT OBJECTIVES VS ACCOMPLISHMENT 
5 AH HEAT STERILIZABLE HIGH IMPACT CELLS 

Design o r  Operating 
Parameter 

1. Energy Storage 
2 ,  Shelf  L i f e  be fo re  Use 
3. Mission Environment 

Heat S t e r i l i z a t i o n  a t  135 " C 
Space Trave l  
Landing Shock 6r Veloc i ty  

Operat ing Temperature 
4. .. Discharge Wattage (12 c e l l s )  
5. Voltage (12 c e l l s )  
6. Capacity a t  4.6A t o  1.20 V 
7 ,  C e l l  Voltage a t  Rated Wattage 
8. Cycle L i f e ,  1000/0, 80 Watts 

9. Charging T ime ,  max. 
10. C e l l  Dimensions and Volume 

L 
W 
H (over j a r )  
Volume 

11. C e l l  Weight 
1 2 .  Energy Densi ty  

Unit  - 
WHr 
Years 

Hours 
Months 

g 
f t /sec.  

"C 
Watts 
Vol t s  

AH 
Vo l t s  
Each 

Hours 

i n  e 
in .  
i n .  
i n 3  
lb . 

WHr/lb . 
WHr/in3 

Ob j e c t i v  e Accomplishment 
(1) 
80 76 (6.3 WHr/cell) -- 1 

72 72 
9 -- 

4,000 up t o  4,000 
1 2  0 up t o  1 2 0  

+10 t o  4-55 25 

14.5 t o  22.5 
80 78 (6-5 wa t t s / ce l l )  

4.7 4-5 
-- 1.41 

4 4 b u t  less 
than  lo@/, 
r a t e d  ou tpu t  

(See Table I) 
72 30-50 

1.13 
1.97 
3.36 
7.48 
0.60 

0,9 
10.6 ( c e l l  only: 

(1) JPL Engineering Memorandum 342-70 Design Goals Power Subsystem Heat 
S t e r i l i z a b l e ,  Impact R e s i s t a n t ,  80 Watt Hour Ba t t e ry ,  9-16-68. 
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Absorber 
Type 

Kendall 

(I r r ;Id r’. a- id  
K-1495 

Pel lon  
2140 

TABLE I11 

20 AH CELL 10PA DEPTH INITIAL CYCLE 
DISCHARGE CAPACITIES 

vs 
DESIGN PARAMETERS 

Number 
Layers 

6 

3. 

E 

Number Layers SWRI-GX Membrane 
Wrap and Negative P l a t e  S ize  

8 

E 

(7) 
126.6 
2 25.2 
3 24.2 

NOTES: (*) 1 Cycle 1 a t  8A t o  1,25 V. 

2 mcle 2 a t  3A t o  1.25 V. 

3 Cycle 3 a t  1 6 A  to 1.25 V, 

Cells charged a t  0.4A t o  2 00 V. 

10 

+ 1 -  
NE 

*l 26.1 
2 24.9 
3 22.7 

(2 1 
E NE 

(1) (4) 
27.1 26.6 

25.1 25.2 
23.0 22.6 
(6W) 

1 26.8 
2 26.2 
3 24.6 

(5 1 
26.5 
25.7 
24.3 
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TABLE I V  

INITIAL CYCLE TESTS ON 70 AH RELIABILITY CELLS 
(AFTER HEAT STERILIZATION) 

Mean Tes t  Event Unit Minimum - 
Preformation Charge 

Theore t i ca l  
Actual  
Terminal Voltage 

Formation Charge 
(0.9A t o  1.97 V/C) 
Maximum Pres su re  

Cycle 1 Discharge 
(17.5A t o  1.25 V/C) 

AH 1.93 
AH 1.81 1.99 

Vol t s  1.592 1.596 

AH 88.8 95.6 

Ps i g  4 2 8  

AH 72.8 88.7 

Cycle 2 Charge AH 71,l 79.0 
(1.5A then  0.9A t o  2.02 V/C) 

P a r t i a l  Discharge AH 16.2 16.2 
(2.OA f o r  8 . 1  H r s )  
Recharge as  above AH 30.1 34.8 
Net Input  AH 90.9 97.6 

Cycle 2 Discharge AH 91.5 97,s 
(17.5A t o  1.25 V/C) 

Discharge T ime  Hours 5 .6  
C e l l  Weight Lb . 2 . 7 4  
C e l l  Volume in3  40.6 
Energy Output WHr . 146 
Energy Densi ty  WH/lb 53 

WH/in” 3.7 

Maximum 

2.00 
1.606 

109,o 

60 

100. 

89.8 

1 6 . 2  

40.5 
105. 

103. 
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TABLE V 

PERFORMANCE OF 70 AH CELLS ON DISCHARGE STAND Q 72°F 

Ce l l  S e r i a l  Number 

20 39 30 32 34 19 u n i t s  

Vol t s  
Ps i g  

Volts  
Ps ig  

Vo Its 
Ps i g  

Volts  
Psig 

23 26 

0.48 

0.48 

0.27 

0.28 

Parameter 35 

0.48 

0.38 

0.36 

0.36 

0.46 

0.38 

0.37 
8 

0.37 
9 

0. Ll.8 

0.38 

0.36 
7 

0.36 
9 

0.48 

0.39 

0.37 
7 

0.37 
7" 

0.46 

0.38 

0.38 
3 

0.38 
3 

0.48 

0.47 

0.36 
8 

0.36 
1 0  

0.46 

0.37 

0.36 
8 

0.36 
1 0  

Open c i r c u i t  vo l tage  
r e s s u r e  

0.46 

0.37 

0.36 

0.36 

Open c i r c u i t  vo l tage  
Pres  su re  

Open c i r c u i t  vo l tage  
r e s s u r e  

Open c i r c u i t  vo l tage  
Pres  s u r  e 

0.36 0.38 
4 

0.36 
1 2  

0.36 
13 

0.27 0.37 
9 

0.36 
11 

0.36 Vol t s  
Ps i g  

0.36 
9.5 

Open c i r c u i t  vo l tage  
r e s  s u r  e 



TABLE V I  

PERFORMANCE OF 70 AH CELLS ON CHARGED STAND AT 72°F 

Stand 
T i m e  

Parameter 

0 Open c i r c u i t  v o l t a g e  

13  Open c i r c u i t  v o l t a g e  
Pres  s u r  e 

19 Open c i r c u i t  v o l t a g e  
P res su re  

3 1  Open c i r c y i t  v o l t a g e  
Pne s s ure  

I 

I 

Units L- 
Vol t s  1.855 

Vo l t s  1.858 
In .  Hg -18 

Vo l t s  1.861 
In .  Hg -17 

Vo l t s  1.855 
In .  Hg -15 

I 

C e l l  Serr 
37 

1,855 

1.858 

1.861 

1.859 
-13 

1 Numbers 
25 I 28 

1.855 1.855 

1.858 1.858 
- 1 2  -2 0 

1 .861 1,862 
- 12 -20 

1.860 1.861 
- 13 - 2 1  
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Parameters 

C e l l  Voltages (Volts) 

B Open C i r c u i t  
e A t  Beginning of Charge 

Af te r  45 minutes 
113 minutes 
198 minutes 

4.5 hours 
7 8 hours 
8 5 hours 
9.5 hours 
4 days 

13  days 
19 days 
25 days 

C 

Af t e r  13  days 
19 days 
25 days 

TABLE VI1 

PERFORMANCE OF 70 AH CELLS ON FLOAT CHARGE AT 72°F 

41 

1 . 8 6  
1.87 

1 
1 . 8 7  
1.868 
1.863 
1.862 

8.0 
8.0 
5.5 

1 2  

1.855 
1.87 

~ 

1.88 
1.922 
1.930 
1.860 

45 

1.86 
1.87 

1 
1.88 
1.88L 
1.93; 
1.86; 

5.5 

1 0  
31 

C e l l  S 
44 

1.855 
1.87 I 
1.87 
1.868 
1.863 
1.863 

-2.5 
-2,s 
-3.0 

p ia l  NL 
29 

1.855 
1 .87  I 
1.87 
1.869 
1.863 
1.861 

ibers 
43 

1.86 
1- 87 

~ 

1.87 
1.868 
1.863 
1.862 

0 
-2 
-2.5 

40 

1.855 
1.87 

1.90 
1.870 
1.926 
1.923 

0 
-2.5 
-2.5 

24 

1.855 
1.87 I 
1.87 
1.868 
1.863 
1.861 

42 

1.86 
1.87 

1 .87  
1.868 
1.863 
1.866 

-7.5 
-8.0 
-8.0 

Current 
( M i l  1 i amp s ) 

500 
160 
100 

60 
50 
50 
50 
45 
14  

6-9 
11-14 

6-14 

- 
- 
- 

(1) F l o a t  charge a t  C. P. of 9 x 1 .87  = 16.83 * 0.09 v o l t s  i n  s e r i e s  array.  



TABLE V I 1 1  

OBJECTIVES VS ACCOMPLISHMENTS 70 AH 
HEAT STERILIZABLE CELLS 

1. 

2. 

3, 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

1 2  * 

13. 

Design o r  Operat ing 
Parameter 

Energy Storage ,  Rated 

Energy Densi ty ,  B a t t e r y  
Del ivered (12 Ce l l s )  

Energy Densi ty ,  C e l l s  

Voltage Regulat ion a t  300 W Load 

Cycle L i f e ,  10PA C 

Charge Time t o  lo@/, C 

Operating Temperature 

Storage L i f e  
Prelaunch,  0 t o  25°C 
T r a n s i t ,  -10 t o  25°C 

Wet L i f e  t o  Shor t  i n  Charged S t a t e  

Heat S t e r i l i z a t i o n  a t  135 +2"C 

i n  Nitrogen i n  Discharged S t a t e  
Sealed 

3 a x i s ,  2 d i r e c t i o n s ,  30 shocks 
Shock - Launch & T r a n s i t  

Vibra t ion  - Entry  & Landing 
Sine  100  t o  2000 Hz 
Random 2 0  t o  2000 Hz 

Decelera t ion ,  Ent ry ,  20 secs ,  

Unit 

WHr . 1 2  00 

WWlb . 35 

WH/lb e 

Ob j e c t  i v  es 
(1) 

r& 

Volts / l2  c e l l  14.5-22.5 
Vol t s /Cel l  1.21-1.87 

ea. 4 

Hrs. 72 (max.) 

"C 1 0  t o  55 

Y r  . 
Mos e 

Mos. 

H r s .  

g 
Msec. 

G r m s  . 
G r m s .  

g 

1 
9 

1 0  

74 

250 
0.7 k.2 

35 
25 

250 

OD s e r v  ed 

1750 
42 (es t . )  

53 

1.25-1.87 

164- 

51(2) 

20-30 
Tested 

NT 
NT 

1 6  

7 2.t 

NT 
NT 

32 
25 

NT 

(1) 

(2) 

JPL Engineering Memorandum 342-71 Heat S t e r i l i z a b l e  1200 Watt Hour Bat te ry .  

Any cyc le  except  formation cycle ,  
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TABLE I X  

ELECTRICAL PARAMETERS FOR 50"A DEPTH 
AUTOMATIC CYCLING 

HIGH IMPACT 25 AH CELLS 

Spec i f i ca t ion  Requirement 
Ba t t e ry  Per Ce l l  

Actual 
Per C e l l  

High Rate Discharge 

Time (minutes) 
Power (watts) 
Energy (watt-hours) 
Current 

1 0  
2 00 

33.3 

1 0  
16.7 

2.8 

56 
18 avg. 
16.8 
12.0 avg. 

Low Rate Discharge 

Time (minutes) 
Power (watts) 
Energy (watt-hours) 
Current (amperes) 

83 0 
1 2  

166 

830 
1 .0  

13.8 

64  
1 . 1 2  
1 . 2 0  
0.72 -- 

To t a l  Discharge. 

Time (minutes) 
Energy (watt-hours) 

8 40 
199.3 

8 40 
16.6 

1 2  0 
18.0 

Charge 

Time (minutes) 600 
Mode C. P. 
F l o a t  vo l tage  (vo l t s  -- 
Limit ing cu r ren t  (amps) -- 

600 
c. P. 

600 
6. P. 

1.96 
0.130 -- 

Cvcle L i f e ,  Cycles t o  F a i l u r e  

F i r s t  C e l l  
Second Ce l l  
Third C e l l  

( Mechanism of f a i l u r e :  S, shor r ;  C, capac i ty  
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1. 
2,  
3.. 

4. 

5. 
6. 

7. 
8.  
9. 

1 0  e 
11. 

1 2  e 
13 .  

TABLE X 

OBJECTIVES VS ACCOMPLISHMENT 25 AH HIGH IMPACT CELLS 

Design o r  Operating 
Parameter 

Energy Storage (12-cells) 
Shelf L i f e  Before Use 
Mission Environment 

Heat S t e r i l i z a t i o n  a t  135°C 
Space Travel  
Landing Shock, All Axis 
Landing Veloc i ty  

Cycle L i f e  on P lane t  
500j depth (10 hr .  C/14 hrs .  D) 

Op e r  a t  i n g  Temp e r a  t u r e  
Voltage Regulation 

13 c e l l s  (0-200 wa t t s )  
1 c e l l  (0-16.7 wat t s )  

Discharge Wattage (12 Cel ls)  
Capacity a t  200 W Load (12A) 
Mean C e l l  Voltage a t  16.7 w a t t s  
Charging Time, Max. 
C e l l  Dimensions and Volume 

L 
W 
H 
Volume 

C e l l  Weight, Wet, Sealed 
Energy Density a t  Rated Load 

C e l l  by Weight 
C e l l  by Volume 
Ba t t e ry  (estimated) 

Unit 

W I l r .  
Yr . 
Hours 
Mos. 

g 
f t/s e c . 

Ea. 

" C  
Volts  

- 

Watts 
AH 

Volts  
Hours 

in .  
i n .  
i n3  
i n  
l b  . 

WH/lb 
~ ~ i n 3  

Objective 
(1) 

400 
1 

72 
9 

4,000 -'> 

Observed 

530 
NT 

72 
NT 

00 before  HS 
1 2  0 (NT a f t e r  HS) 

90 72-121 
LO t o  55 25  

14.5 t o  22.5 16.8-22.5 
1 . 2 1  t o  1.87 1.40-1.87 

200 rnax. 770 
25 30 

1.48 
72 30-50 

-- 1.635 
-- 3.200 
-- 5.180 
-- 2 7 . 1  
-- 2.07 

-- 
20 

21.5 
1. 6 

1 7  

(1) JPL Engineering Memorandum 342-68 Design Requirements, Heat S t e r i l i z a b l e ,  
Impact R e s i s t a n t ,  4000 Watt-Hours Secondary Ba t t e ry  9-16-68. 
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FIGURE 1 

CYCLE LIFE, FAILURE MODE, CAPACITY MAINTENANCE 

1 6  AH C e l l s  lo@/, Depth Cycling 

R 
1,s Ra t io  ZnQ/Ag by Weight 
1 . 2  
0 .9  

E l e c t r o l y t e  
Con c e n t r a t i o n  
(45 , 43, 41) 

% KOH 

100 

65 

GX (2.0,  2.4, 2.8) Wet Thickness - m i l s  
9 1s 83T lOOT 

- 

(9.2)s SS(7.7) 

7 . 1 )  

(8.9) S 

83 

Inc reas ing  
Ag Pene t r a t ion  Code - 
on GX l a y e r s  5-9 
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Number Cycles 
Capacity Las t  Cycle 

Terminat ion 

F a i l u r e  by Shor t  
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FIGURE 2 

TYPICAL DISCHARGE CHARACTERISTICS 70 AH CELLS 
ESB MODEL 364 

Rate Amps \ 

0 

Discharge Capacity - AH 



FIGURE 3 

DISCHARGE VOLTAGE VS TIME 
HIGH IMPACT 25 AH CELL DESIGN 

2 .  

1, 

I 
N n  
W U Y  

I ;t; 1. 
U s 
aJ 
bo m 
c1 
d 

1. 
d 
d 
aJ 
U 

1. 

1. 

Discharge Voltages @ 1 2  Amps 
Model 362 Ce l l s  

Discharge Capaci ty  (AH) 
4 8 1 2  16  20 2 4  28 32 36 

1 I I I I I I I I 
0 60 1 2  0 18 0 

Discharge T i m e  (Minutes) 



FIGURE 4 

INITIAL AND 40% DEPTH PULSE VOLTAGES 6r WATTAGES 
25 AH HIGH IMPACT CELLS 

A A 

5 Second c u r r e n t  pu l se s  dur ing  
1 2  ampere d ischarge  

n = 4  

Current (Amps) 

0 0.1 0.2 0 . 3  0.4 0.5 

Current Densi ty  (Amps/in2) 
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FIGURE 5 

1 . 7  
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END OF DISCHARGE VOLTAGES OF 25 AH HIGH IMPACT 
ON AUTQMATIC CYCLING AT SO,% DEPTH 

(0.72 amps f o r  6 4  minutes) 

C e l l  Cycles a t  F a i l u r e  Las t  
1 . 3  F a i l u r e  Mode Cap a c i t  y 

-- 
-- 

1 1 0  20 30 40 50 60 70 80 

Cycle Number 


