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ABSTRACT 

When a 6V Eveready E n e r g i z e r  Battery, No.528, is  d i s c h a r g e d ,  h e a t  is pro- 
duced i n t e r n a l l y  w i t h i n  t h e  b a t t e r y  i t se l f .  
b a t t e r y  h e a t  were made f o r  a f i v e  day d i s c h a r g e  per iod  us ing  a load  r e s i s t a n c e  
o f  20 ohms and a n  ambient t e m p e r a t u r e  of 10 Deg C. T h e l b a t t e r y  h e a t  produced 
p e r  q u a r t e r  day v a r i e d  c o n s i d e r a b l y ,  r a n g i n g  from 1.08 wat t -hrs  t o  2.63 w a t t -  
h r s .  The t o t a l  b a t t e r y  h e a t  produced, u s i n g  a 3.0 v o l t  c u t o f f ,  is  s i g n i f i c a n t  
( 3 7  wat t -hrs )  when coppared t o  t h e  t o t a l  l o a d  h e a t  produced (70 wat t -hrs) .  

D e t a i l e d  measurements of  t h i s  

INTRODUCTION 

Ir? o r d e r  t o  perform a thermal  a n a l y s i s  of  a payload,  one needs t o  know a l l  
s o u r c e s  of h e a t .  During t h e  t h e r m a l  a n a l y s i s  of o u r  payload,  t h e  q u e s t i o n  was 
raised a s  t o  whether or  n o t  o u r  b a t t e r i e s ,  t h e  Eveready E n e r g i z e r  No. 528, 
should  be  c o n s i d e r e d  a source of h e a t .  To answer t h i s  q u e s t i o n ,  w e  dec ided  t o  
measure t h e  h e a t  produced i n t e r n a l l y  d u r i n g  d i s c h a r g e  (Battery Heat) by a 
s i n g l e  No. 528, under load and t e m p e r a t u r e  c o n d i t i o n s  s’imiliar t o  t h o s e  we 
expec t  d u r i n g  our  a c t u a l  f l i g h t .  
t h e r m a l l y  i n s u l a t e  t h e  b a t t e r y ,  p l a c e  i t  i n  a f r e e z e r  and t h e n  h e a t  it up to  
a f i x e d  tempera ture .  By comparing t h e  h e a t  tihat had t o  be s u p p l i e d  whensthe 
b a t t e r y  was n o t  b e i n g  d i s c h a r g e d ,  t o  t h e  h e a t  t h a t  had t o  be s u p p l i e d  when t h e  
b a t t e r y  was being d i s c h a r g e d ,  one c o u l d  d e t e r m i n e  t h e  Battery Heat, To make 
v a l i d  comparisons a f i x e d  time i n t e r v a l  was chosen. 

The b a s i c  approach t h a t  was chosen was t o  
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APPARATUS 

The a p p a r a t u s  used is  shown i n  Fig.  1. T h e r e  are two major s y s t e m s ,  t h e  
d i s c h a r g e  s y s t e m  and t h e  t h e r m a l  c o n t r o l  s y s t e m .  
sists of t h e  b a t t e r y  under  t es t ,  a decade  r e s i s t a n c e  box f o r  t h e  l o a d ,  and  one  
c h a n n e l  of  a c h a r t  r e c o r d e r  t o  mon i to r  t h e  t e r m i n a l  v o l t a g e  o f  t h e  b a t t e r y  
d u r i n g  t h e  e n t i r e  d i s c h a r g e .  
t o  s i m u l a t e  e x p e c t e d  payload l o a d s .  

The d i s c h a r g e  s y s t e m  con- 

The decade  r e s i s t a n c e  box was set t o  20.0 ohms 

The r ema inde r  o f  t h e  a p p a r a t u s  makes up t h e  t h e r m a l  c o n t r o l  s y s t e m  de- 
s i g n e d  t o  keep  t h e  b a t t e r y  under tes t  a t  10 Deg C. The d e s i r e d  t e m p e r a t u r e  
was a c h i e v e d  by u s i n g  a f r e e z e r / h e a t e r  combinat ion.  The f r e e z e r  was set a t  
its warmest s e t t i n g ,  -15 Deg C ,  and i ts  temperature was monitored t h r o u g h  a 
thermocouple  a t t a c h e d  t o  o n e  c h a n n e l  o f  a c h a r t  r e c o r d e r .  
a t i o n  were t h e n  p l aced  around t h e  b a t t e r y  and used t o  raise t h e  b a t t e r y  t e m -  
p e r a t u r e  t o  +10 Dcg C a f t e r  b e i n g  ,) laced i n  t h e  f r e e z e r .  
c o u p l e  a t t a c h e d  t o  t h e  o t h e r  c h a n n e l  of  t h e  c h a r t  r e c o r d e r  monitored t h e  
b a t t e r y  temperatwe. 
wrapped a round  ' the  b a t t e r y ,  and t h e  i n s u l a t i o n  was of  p o l y u r e t h a n e  foam. 
h e a t e r  was t u r n e d  on a n d ' o f f  a u t o m a t i c a l l y  by a t e m p e r a t u r e  c o n t r o l  c i r c u i t  
which c o n s i s t e d  of a t h e r m i s t o r ,  a c o n t r o l l e r  and a power supp ly .  
t h e  h e a t e r  came from a s e p a r a t e  power supp ly .  The h e a t e r  v o l t a g e  was moni- 
t o r e d  by a c o n t i n u o u s l y  connec ted  v o l t m e t e r  and a c h a r t  r e c o r d e r .  
c u r r e n t  was monitored by a c o n t i n u o u s l y  connec ted  ammeter. 
time was monitored by ' a  c l o c k  t u r n e d  on and o f f  by a relay i n  t h e  h e a t e r  
c i r cu i t .  

A h e a t e r  and i n s u l -  

A second thermo- 

The h e a t e r  i t s e l f  c o n s i s t e d  o f  no. 30 i n s u l a t e d  wire 
The 

Fower f o r  

The h e a t e r  
Ac tua l  h e a t e r  on 

PROCEDURE -- 
Using t h e  a p p a r a t u s  d e s c r i b e d  above,  d a t a  was t a k e n  i n  t h r e e  steps: 

1. Pre-Run c a l i b r a t i o n :  Without  t h e  d i s c h a r g e  c i r c u i t  connec ted  t h e  
t h e r m a l  c o n t r o l  c i r c u i t  was a c t i v a t e d  and run  f o r  o v e r  a day. 
During t h i s  t i m e  t h e  f o l l o w i n g  v a r i a b l e s  were monitored and 
r eco rded :  a c t u a l  c l o c k  t i m e ,  h e a t e r  on t i m e ,  h e a t e r  v o l t a g e ,  
h e a t e r  c u r r e n t ,  b a t t e r y  t e m p e r a t u r e ,  f r e e z e r  t e m p e r a t u r e  and 
b a t t e r y  t e r m i n a l  v o l t a g e .  

connec ted .  
a g a i n  monitored and r eco rded .  
e v e r y  q u a r t e r  day (6 hour s ) .  The e n t i r e  b a t t e r y  d i s c h a r g e  was 
monitored f o r  a t o t a l  o f  20 q u a r t e r  d a y s  ( 5  f u l l  days ) .  

2. D i scha rge  Run: Without chang ing  a n y t h i n g  t h e  d i s c h a r g e  c i r cu i t  was 
The same v a r i a b l e s  as l i s t e d  above i n  s t e p  1 were 

T h i s  time r e a d i n g s  were t a k e n  

3. Post-Run c a l i b r a t i o n :  Same as pre-run c a l i b r a t i o n .  
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RESULTS AND DISCUSSION 

Using t h e  o u t p u t  from t h e  c h a r t  r e c o r d e r ,  which was s e v e r a l  feet l o n g ,  
t h e  b a t t e r y  t e r m i n a l  v o l t a g e  was r e p l o t t e d  u s i n g  a compressed time scale 
(Fig.  2 ) .  A s  one t y p i c a l l y  f i n d s  w i t h  a 6V a l k a l i n e  b a t t e r y ,  t h e  v o l t a g e  
q u i c k l y  d r o p s  o f f  a f te r  r e a c h i n g  around 3.0 v o l t s .  

During a l l  t h r e e  s t e p s  of  t h e  exper iment ,  t h e  f o l l o w i n g  v a r i a b l e s  changed 
by less t h a n  2%: h e a t e r  v o l t a g e ,  h e a t e r  c u r r e n t ,  b a t t e r y  t e m p e r a t u r e ,  and 
a v e r a g e  freezer tempera ture .  
c o n s i d e r e d  as c o n s t a n t s .  
used 

Thus, f o r  a l l  p r a c t i c a l  purposes  t h e y  may b e  
For a l l  a n a l y s i s  a q u a r t e r  day time i n t e r v a l  was 

Using t h e  d a t a  o b t a i n e d  d u r i n g  t h e  pre-run and post-run c a l i b r a t i o n s ,  w e  

The pre-run c a l i b r a t i o n  gave 4.58 wat t -hrs  and t h e  
de te rmined  t h e  average  h e a t  s u p p l i e d  per q u a r t e r  day t o  keep t h e  non-discharg- 
ing b a t t e r y  a t  10 Deg C.  
post-run c a l i b r a t i o n  gave 4.51 wat t -hrs  fo r  a n  a v e r a g e  of  4.54 Gat t -hrs .  These 
v a l u e s  a re  i n d i c a t e d  i n  F ig .  3 f o r  l a t e r  r e f e r e n c e .  

Using t h e  data o b t a i n e d  d u r i n g  t h e  d i s c h a r g e ,  w e  determined t h e  h e a t  
s u p p l i e d  per  quarter day t o  keep a d i s c h a r g i n g  b a t t e r y  a t  10 Deg C. The 
r e s u l t s  are p l o t t e d  i n  Fig.  3. 
b e  s u p p l i e d  v a r i e d  c o n s i d e r a b l y  o v e r  t h e  20 quarter day p e r i o d ,  r e a c h i n g  a low 
about  h a l f  way th rough t h e  d i s c h a r g e  per iod  when t h e  b a t t e r y  t e r m i n a l  v o l t a g e  
was approximate ly  3 . 5  v o l t s .  

It should  b e  n o t e d  t h a t  t h e  h e a t  t h a t  had t o  

The d i f f e r e n c e  i n  h e a t  s u p p l i e d  per q u a r t e r  day t o  t h e  non-discharging 
and t h e  d i s c h a r g i n g  b a t t e r y  t o  keep i t  a t  10 Deg C is t h e  Battery Heat. 
More s p e c i f i c a l l y ,  f o r  any f i x e d  t i m e  i n t e r v a l  such  as  a q u a r t e r  day,  one can  
write: 

BATTERY HEAT SI'PPLIED BY HEAT SUPPLIED BY 
HEAT - - OUTSIDE HEATER - OUTSIDE HEATER 

DURING NON-DISCHARGE DURING DISCHARGE 
CALIBRATION RUNS 

Using t h e  r e s u l t s  p l o t t e d  i n  Fig.  3 and t h e  above formula t h e  Battery Heat was 
determined.  These r e s u l t s  are p l o t t e d  i n  Fig.  4. C o n s i s t e n t  w i t h  t h e  earlier 
o b s e r v a t i o n  t h a t  t h e  h e a t  s u p p l i e d  by t h e  o u t s i d e  h e a t e r  each q u a r t e r  day var-  
i e d  c o n s i d e r a b l y  and reached  a low a t  around 11 q u a r t e r  days,  t h e  Battery Heat 
a l s o  v a r i e s  c o n s i d e r a b l y ,  r a n g i n g  from a low of 1.08 wat t -hrs  d u r i n g  t h e  1st 
q u a r t e r  d a y  t o  a h i g h  of 2.63  watt-hrs d u r i n g  t h e  1 1 t h  q u a r t e r  day. 
how s i g n i f i c a n t  t h e  Battery Heat was, we  chose  t o  compare i t  w i t h  t h e  h e a t  
produced by t h e  l o a d  (Load Heat). 

To see 

The Load Heat f o r  e a c h  q u a r t e r  day was c a l c u l a t e d  by going back t o  t h e  
o r i g i n a l  c h a r t  r e c o r d e r  o u t p u t  of t h e  t e r m i n a l  v o l t a g e  and de termining  t h e  
a v e r a g e  v o l t a g e  f o r  each  q u a r t e r  day. 
f i x e d  v a l u e  f o r  t h e  l o a d  r e s i s t a n c e ,  and t h e  common r e l a t i o n s h i p  P = V2/ R 
t h e  Load Heat f o r  e a c h  q u a r t e r  day was determined.  
i n  F ig .  5. 
mina l  v o l t a g e  s e e n  ear l ier  i n  Fig.  2. 

Using t h i s  a v e r a g e  v o l t a g e ,  t h e  known 

These r e s u l t s  are p l o t t e d  
A s  one would e x p e c t  i t s  shape is s imil iar  t o  t h e  p l o t  of t h e  ter- 
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The Battery Heat p e r  q u a r t e r  day and Load Heat p e r  q u a r t e r  day are com- 
pared  i n  F i g s .  6 and 7. I n  Fig.  6 w e  see t h a t  early i n  t h e  d i s c h a r g e ,  f o r  t h e  
f i r s t  s e v e r a l  q u a r t e r  days ,  t h e  Battery Heat p e r  q u a r t e r  day i s  q u i c k l y  ris- 
i n g ,  w h i l e  t h e  Load Heat per  q u a r t e r  day is q u i c k l y  dropping.  
t h e n  g e n e r a l l y  l e v e l  off  somewhat, f i n a l l y  i n t e r s e c t i n g  a f t e r  a b o u t  18 q u a r t e r  
days  when t h e  t e r m i n a l  v o l t a g e  is between 2 and 3 v o l t s .  
c lear ly  see t h a t  for much o f  t h e  d i s c h a r g e  t h e  B a t t e r y  Heat p e r  q u a r t e r  day is  
over  50% of t h e  Load Heat p e r  q u a r t e r  day. 

Both v a r i a b l e s  

From Fig.  7 w e  can  

Cumulative Battery Heat and c u m u l a t i v e  Load Heat are compared i n  F i g s .  8 
and 9. I n  Fig.  8 w e  see t h a t  b o t h  t o t a l s  grow a l m o s t  l i n e a r l y ' w i t h  t i m e .  By 
t h e  time t h e  t e r m i n a l  v o l t a g e  h a s  dropped t o  3.0 v o l t s  d u r i n g  t h e  1 6 t h  q u a r t e r  
day, t h e  c u m u l a t i v e  Battery Heat is about  37 wat t -hrs  and t h e  c u m u l a t i v e  Load 
Heat is a b o u t  70 wat t -hrs  (F ig .  8) f o r  a r a t i o  s l i g h t l y  o v e r  50% (Fig.  9). 

CONCLUSION 

The h e a t  produced i n t e r n a l l y  d u r i n g  d i s c h a r g e  by a n  Eveready E n e r g i z e r  
No. 528, i s  s i g n i f i c a n t  when compared w i t h  t h e  h e a t  produced a t  t h e  l o a d  by 
t h e  same b a t t e r y .  Any thorough payload t h e r m a l  a n a l y s i s  should  i n c o r p o r a t e  
t h i s  h e a t  produced i n t e r n a l l y .  
welcomed a d d i t i o n a l  h e a t  s o u r c e  used t o  keep t h e  payload w a r m .  

For  many payload d e s i g n s  it may even be a 

ACKNOWLEDGEMENTS 

The a u t h o r s  are g r a t e f u l  t o  t h e  o t h e r  members of t h e  A&T S t u d e n t  Space 
S h u t t l e ' s  Electrical  Suppor t  Team for  t h e i r  h e l p  w i t h  p r e p a r i n g  t h e  exper- 
iment ,  c o l l e c t i n g  d a t a ,  and a n a l y z i n g  t h e  d a t a :  A .  Abul-Fad1 (Assoc. Prof . ,  
Elec. Engr . )  and D. Hood (Undergrad s t u d e n t ,  Elec. Engr.) 

uum mfn s u r w  

aim i m n m  (VOITACF.) 

Figure 1. Battery Testing Apparatus 
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Figure 2. Battery Voltage vs. Elapsed Time 
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Figure 3. Heat Supplied to Battery per Quarter Day vs. Elapsed Time 
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Figure 4. Battery Heat per Quarter Day vs. Elapsed Time 
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Figure 5. Load Heat per Quarter Day vs. Elapsed Time 
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Figure 6. Battery and Load Heat per Quarter Day vs. Elapsed Time 

E D  

1OD 

E!: 0 
T 7.0 

E 

F i  4n 

Y P 
I3 5.0 
4 

31) 

20 

1.0 

0 
0 I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

TIME (QUAFlTER DAYS) 

TIME (QUARTER DAYS) 

Figure 7. Heat Ratio (Battery to Load) vs. Elapsed Time 
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Figure 8. Cumulative Battery and Load Heat vs. Elapsed Time 
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Figure 9. Cumulative Heat Ratio (Battery to Load) vs. Elapsed Time 
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