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ABSTRACT 

The r e s u l t s  o f  env i ronmenta l  tes ts  o f  Elock I1 s o l a r  n o d u l e s  are 
d e s c r i b e d .  Elock II was t h e  second l a r g e  s c a l e  procurement  o f  s i l i c o n  
s o l a r  c e l l  modules made by t h e  JPL Low-cost S o l a r  Array  P r o j e c t  w i t h  
d e l i v e r i e s  i n  1977 and e a r l y  1978. The r e s u l t s  o f  t e s t i n g  showed t h a t  
t h e  Block I1 modules were g r e a t l y  improved o v e r  E lock  I modules.  I n  
s e v e r a l  c a s e s  it was shown t h a t  d e s i g n  improvements were needed t o  r educe  
e n v i r o n m e n t a l  tes t  d e g r a d a t i o n .  These improvements were i n c o r p o r a t e d  
d u r i n g  t h i s  p r o d u c t i o n  r u n .  
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. . - .  

I. INTRODUCTION 

Th i s  r e p o r t  d e s c r i b e s  t h e  t e s t i n g  procedures  and t h e  r e s u l t s  o f  
t e s t i n g  samples o f  the. LSA p r 9 j e c t  Block I1 procurement o f  s i l i c o n  s o l a r  
c e l l  modules. Block I1 modules were procured by t h e  P r o j e c t  f o r  t h e  test 
and a p p l i c a t i o n s  p r o j e c t s  oif ' the  Department o f  Defense (DOD) , t h e  
Massachuset ts  I n s t i t u t e  o f  .Technology's L inco ln  Laboratory (MIT/LL) and 
t h e  Lewis Research Center  ,(L,eRC). 

Three s e p a r a t e  procuredent?  o f  s o l a r  c e l l  modules have been made f o r  
t h i s  purpose: Block I ;adik 58-kw purchase o f  o f f - the-she l f  module t ypes ,  
wi th  d e l i v e r i e s  mainly i n  1976; Block I1 was a  110-kW purchase o f  modules 
t o  uniform des ign  and tes t '$equirements ,  wi th  d e l i v e r i e s  mainly i n  1977; 
Block I11 is t h e  c u r r e n t  purchase of  212-kW of  modules t o  Block I1 des ign  
and t e s t  requ i rements  but  more uniform q u a l i t y  s t anda rds ,  wi th  d e l i v e r i e s  
mainly i n  1978. The nex t  majyr DOE procurement o f  s o l a r  c e l l  modules w i l l  
be accomplished v i a  t h e  Albuquerque Opera t ions  O f f i c e ' s  Program Research 
and App l i ca t i ons  Experiments (Ref.  1 ) .  

Module t e s t i n g  r epo r t ed  he re  is i n  t h r e e  main c a t e g o r i e s  

1. P ro to type  module tests.. An i n i t i a l  d e l i v e r y  o f  p ro to types  
was g iven  q u a l i f i c a t i o n  t e s t s .  Any r edes igns  o r  p rocess  
improvements t h a t  were necessary  were made be fo re  product ion 
o f  modules s t a r t e d .  

2. Produc t ion  sample t e s t i n g .  After every  1  kW o f  module power 
was produced, a  module was s e l e c t e d  a t  random.and given t h e  
same qual- type tests t o  i n s u r e  t h e  maintenance o f  a ccep t ab l e  
q u a l i t y  ., 

3 .  Exp lo ra to ry  t e s t i n g .  Seve ra l  a d d i t i o n a l  environmental  tests 
were performed which were no t  r equ i r ed  by c o n t r a c t .  I n  some 
c a s e s ,  t h e s e  t e s t s  were p r e c u r s o r s  o f  f u t u r e  q u a l i f i c a t i o n  
tests, whi le  i n  o t h e r  c a s e s  they  were in tended  f o r  eva lua t i on  
o f  performance i n  unusual environments o r  simply f o r  determina- 
t i o n  of  normal performance behavior  under s p e c i f i e d  o p e r a t i n g  
c o n d i t i o n s .  

I n  a d d i t i o n  t o  ' the .above  environmental  tests,  s e v e r a l  cha rac t e r i za -  
t i o n  and performance tests were run i n c l u d i n g  measurement o f  NOCT (Nominal 
ope ra t i ng  Cell Temperature) ,  thermal  c o e f f i c i e n t s ,  e l e c t r i c a l  i s o l a t i o n  t o  
ground, cu r r en t -vo l t age  c h a r a c t e r i s t i c  ( I - V  c u r v e ) ,  e t c .  Ha i l  damage and 
vo l t age  bias-humidi ty  tests' were run and r e p o r t e d  i n  r e f e r e n c e s  2 and 3 .  



11. MJDULE DESCRIPTIONS AND SPECIFICATIONS 

Modules were procured from fou r  manufacturers  f o r  Block 11, given 
t h e  code l e t t e r s  V ,  W ,  Y ,  and Z.  A su.mary of  t h e i r  phys i ca l  and 
e l e c t r i c a l  c h a r a c t e r i s t i c s  is given i n . T a b l e s  1 and 2.  Two ve r s ions  of 
t h e  V and W modules were procured and designated VA and VB, WA and WB a s  
descr ibed  i n  Table  2. F igu re s  1 and 2 a r e  f ron t . ' and  back photographic  
views. The performance and test  s p e c i f i c a t ~ o n  is given i n  Doc. 5-342-1B 
(Ref .  4 ) .  B r i e f l y ,  . the requirements ,  were:' 

. . 

1.  Modules s h a l l  be designed t o  fit i n t o  a 1.2m x 1.2m ( 4 '  x 4 '  ) 
subar ray  ( a c t u a l l y ,  1.17111 x 1.17m (46" x 46") module group 
o u t s i d e  dimensions) .  

2 .  The 1.2m x 1.2m subar ray  s h a l l  supply a t  l e a s t  60 w a t t s  o f  
power a t  15.8V, a i r  mask l ' : 'spectrum, 1 0 0 m ~ / c m ~  and a t  60°c 
ce l l  temperature .  

3. , 
E l e c t r i c a l .  r e s i s t a n c e  t o  ground S h a l l  be 100 megohms o r  . 
g r e a t e r  a t  1000Vdc and t h e  mo,duJe s h a l l  wi ths tand  a test  
vo l t age  of 1500Vdc. 

.. . . 

4. Modules s h a l l  be capable  o f '  wi thstanding a t w i s t  of 1 p a r t  i n  
48 which might occur  i f  a f i e l d  mounting s u r f a c e  was out  of 
f l a t  by t h a t  amount. 

5. Pass t h r e e  environmental tests with less than 5% e l e c t r i c a l  
degrada t ion .  Mechanical degrada t ion  from test exposures  must 

. be accep tab l e  'per  t h e  In spec t ion  System Plan.  The fo l lowing  
exposures  s h a l l  be a p p l i e d ' w i t h  t h e  modules he ld  i n  a r i g i d  
frame. 

a .  Temperature Cycling 
50 temperature  c y c l e s  from ambient t o  +90°c, t o  -40°c, 
and t o  ambient. Temperature change r a t e  s h a l l  no t  
exceed 100°C/hr and each cyc l e  s h a l l  be completed i n  
6 hours  or* l e s ~ .  

b. Humidity 
Two days of p recondi t ion ing  fol lowed by 5 c y c l e s  from 
2 3 O ~  t o  40 .5 '~  a t  ' 90% R .  H.  per  t h e  program p i c tu red  
i n  F ig .  3 .  

c.  Cycl ic  Pressure  Loading ( a l s o  c a l l e d  wind s imu la t i on  o r  
mechanical i n t e g r i t y  t e s t ) .  
A p r e s su re  load  of +2400Pa (k 50 pounds/sq f t . )  s h a l l  
be app l i ed  uniformly t o  t h e  f r o n t  and back s u r f a c e s  
of  t h e  modules f o r  100 cyc l e s .  



Table 1 .  Phys i ca l  and E l e c t r i c a l  C h a r a c t e r i s t i c s  o f  Modules 
( A l l  power, c u r r e n t ,  and e f f i c i e n c y  va lues  a t  100 mw/cm2) 

Vendor Code \ 
Maximum power, 28OC, W 
Rat ing Voltage (RV), 60 C ,  V 
Power a t  600C, R V  
Power a t  NOCT*, W 
Current  a t  60°c, R V ,  A 
Nominal C e l l  Diameter mm 

2 Nominal C e l l  Area, ma 
. . 

Number o f  C e l l s  
Module Length,  cm . . 

Module Width, cm I 
Module Thickness  

pane l  a l o n e ,  cm 
inc lud ing  t e rmina l  box, cm 

T o t a l  C e l l  Area, m2 
T o t a l  Module Area,' m2 
Packing F a c t o r  
Average Weight, kg 
Encapsulated C e l l  Ef f  . , Pm, 2 8 O ~  
Encapsulated Cell Eff  . , 60°c, RV 
Module E f f i c i e n c y ,  Pm, 2 8 O ~  
Module E f f . ,  60°c, RV 
Watt/kg, 60°c, RV 
Temperature C o e f f i c i e n t ,  V / O C  

Temperature C o e f f i c i e n t  , A/'C 

*Power a t  NOCT (Nominal Operat ing Cell Temperature) computed from Power, 600C, R V ,  us ing  c o e f f i c i e n t s .  
**3 s t r i n g s  of  40 series cel ls  i n  p a r a l l e l .  



Table 2. Module Descr ip t ions  
S t r u c t u r a l  C h a r a c t e r i s t i c s  

(From t h e  Top Surfade Down) 

VA 'and V B I  WA and WB" 
- - 

Model No. o r  Drug. 20-10-0452 G ,  J ,  K 

Top Cover none 

Encapsulant RTV 615 

rU 
I 

w Backside I n s u l a t i n g  P l a s t i c  wire  
Ma te r i a l  i n s u l a t i n g  s c r een  

022961 G A-022 1 

3.2 mrn (1/8") none 
f l o a t  g l a s s  

PVB, Mylar Sylgard 184 
back s h e e t  o r  RTV 615 

Conformal c o a t i n g  
DC XI-2577 

Sylgard 184 

Random f i b e r g l a s s  . Fiberg lass /po ly-  
r e in fo rced  poly- e s t e r  frame 
e s t e r  G 200 

. E l e c t r i c a l  Feed- Black A i a l l y l  phtha- Po lysu l f i de  RTV-102 s e a l  around 
through l a t e  threaded i n s e r t s  , rubber  seal . wires  e n t e r i n g  J-box 

around wires 

#Type V A  
G .  Mod: 42 c e l l s  

Type VB 
J Mod: 47 c e l l s  
K Mod.: Added a t h i n  al~uminum s h e e t  below p l a s t i c  s c r eens .  

'b4W modules had s i l k  s c r een  p r i n t e d  con tac t s .  The WB process  was.improved over  t h e  WA process .  

(continued) 



Table 2. Module Descriptions (Continuation) 
Structural Characteristics 
(From the Top Surface Down) 

VA and VB* WA and WB** Y Z 

Output terminations Screws on back of ITT Cannon 7x11.4x3.8cm UL Junction box inte- 
feedthrough Connectors box with terminal gral with frame, 

block threaded inserts 

Frame .One piece pressed Frame of 1.6mm 5.08x2.54x.32cm Random orienta- 
alum. pan with seven alum. material, (2~1~1/8") alum ' tion fiberglass 
stiffening grooves neoprene gasket angles welded to reinforced white 

(3) 2.5x2.5cm (1x1") polyester 
IU alum channel cross- 
I 
J= members. Four 

5.08x.076cm (2"~.030~~) 
alum. sheet borders 
with .64cm (1/4") 
bent up edge dams, 
spotwelded t.o the 
angles. 

,Type VA 
G Mod: 42 cells 

Type V B  
J Mod: 44 cells 
K Mod: Added a thin aluminum sheet below plastic screens. 

**W modules had silk screen printed contacts. The W B  process was improved over the WA process. 



Figure 1 .  Block I1 Modules, Front View 



Figure 2.  Block I1 Modules, Rear View 
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T h i s  T e s t  Are Descr ibed i n  MIL-STD-810C, Method 507.1,  
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111. THERMAL CHARACTERISTICS OF MODULES 

There  were two the rmal  c h a r a c t e r i s t i c s  measured f o r  each  t y p e  o f  
module - t h e  NOCT (Nominal O p e r a t i n g  Cell Temperature)  and t h e  t e m p e r a t u r e  
c o e f f i c i e n t s  f o r  v o l t a g e  and c u r r e n t .  

A. Nominal O p e r a t i n g  C e l l  Temperature (NOCT) 

NOCT is  d e f i n e d  a s  t h e  module ce l l  t empera tu re  a t  8 0 m ~ / c m ~ ,  2 0 ' ~  a i r  
t e m p e r a t u r e ,  1  m / s  wind s p e e d ,  module s u r f a c e  normal t o  t h e  s u n ' s  r a y s ,  
open back & open c i r c u i t e d .  The method is d e s c r i b e d  i n  Appendix A o f  JPL 
r e p o r t  510 1-76 (Ref .  5 ) . The NOCT o f  t h e  modules were determined t o  be 

B. Temperature  C o e f f i c i e n t s  For  Vol tage  And C u r r e n t  

E l e c t r i c a l  o u t p u t  o f  p h o t o v o l t a i c  modules d e c r e a s e s  w i t h  tempera- 
t u r e .  T y p i c a l l y ,  t h e  power o u t p u t  o f  a  module o p e r a t i n g  a t  a  NOCT of 
a b o u t  4 5 ' ~  w i l l  be a b o u t  10% lower  than  under  l a b o r a t o r y  t e s t  c o n d i t i o n s .  
The procurement  s p e c i f i c a t i o n  f o r  Block 11, Document 5-342-1B, S e c t i o n  11, 
r e q u i r e s  t h e  r a t i n g  o f  modules a t  60°c and 15.8V*. 

The 60°c power o u t p u t  can e i t h e r  be measured d i r e c t l y  w i t h  e v e r y  
module c o n t r o l l e d  t o  60°C o r  by t h e  d e t e r m i n a t i o n  o f  t h e  a v e r a g e  tempera- 
t u r e  c o e f f i c i e n t s  from a  small group o f  modules. A t  JPL, t h e  c o e f f i c i e n t s  
o f  a s m a l l  group o f  modules from each  manufac tu re r  were measured and averaged .  
I n  f a c t ,  two methods o f  c o e f f i c i e n t  measurement were performed a t  JPL. 

1. The pr imary method used was as d e s c r i b e d  i n  Doc. 5-342-1B, 
S e c t i o n  11, A2. The 60% and OTC ( O p t i o n a l  T e s t  C o n d i t i o n s  
a t  JPL = 2 8 O ~ )  I - V  c u r v e s  were matched a t  V '  and I '  n e a r  
t h e  knee a s  shown i n  F i g .  4C. The s h i f t s  i n  t h e  I and V 
a x e s  d i v i d e d  by t h e  t e m p e r a t u r e  d i f f e r e n c e  (32OC) y i e l d e d .  . 
t h e  c o e f f i c i e n t s  AV/AT and AI/AT. The averaged  c o e f f i c i e n t s  
f o r  10 o r  more o f  each t y p e  o f  module were used i n  r a t i n g  
subsequen t  modules a t  JPL. These d a t a  were a l s o  made a v a i l a b l e  
t o  each manufac tu re r  (Tab le  3 ) .  Although t h i s  method provided 
a  v a l u e  f o r  r a t e d  power from a n  OTC I V  c u r v e ,  it was n o t  
u s e f u l  f o r  computat ion o f  o t h e r  60°C power v a l u e s  e x c e p t  
i n  t h e  v i c i n i t y  o f  t h e  knee.  

*16.5V f o r  Vendor V ,  t y p e  B modules. 



a. ORIGINAL HOTBOX I -V  CURVES, 28 AND 60°C 
b. OVERLA I D  CURVES WITH 

I V MATCHED 
SC' OC , 

d. CORRECTION BY LAPSS COMPUTER 
USING THREE COEFFICIENTS. 

C. CURVES MATCHED PER DOC 5-342-1B ADJUSTMENTS OF 28°C CURVE FOR VOLTAGE 
CURRENT AND! SERIES RES ISTANCE I S  
SHOWN BY SHADED AREAS 

Figure 4. Temperature Coefficient Determination 



2. The LAPSS method uses  t h r e e  c o e f f i c i e n t s ,  v o l t a g e ,  c u r r e n t ,  
and Rs. The s e r i e s  r e s i s t a n c e  c o e f f i c i e n t  RS,  compensates 
f o r  t h e  change i n  r e s i s t a n c e  of a module ope ra t i ng  a t  high 
temperature  (See F ig .  4d) .  The c o e f f i c i e n t s  a r e  used i n  
t h e  LAPSS computer program a s  descr ibed i n  Appendix A .  This 
method provides  a complete I V  curve from t h e  LAPSS co r r ec t ed  
t o  600C with t h e  t e s t  made a t  ambient.' 

The LAPSS method i s  considered t o  be more accu ra t e  because t h e  
c o e f f i c i e n t s  a r e .  computed from t h e  LAPSS p r i n t o u t s .  The I V  curve over lay  
method is s u b j e c t  t o  t h e ' a d d i t i o n a l  e r r o r s  of  t h e  X-Y p l o t t e r .  However, 
t h e  overlay.method is more g e n e r a l l y  used a t  JPL s i n c e  it provides  a 
s t anda rd  method of comparison with t h e  manufacturers '  d a t a .  No manu- 
f a c t u r e r  during Block X I  procurement used t h e  LAPSS method. 

Table  3 .  Temperature C o e f f i c i e n t s  of  Block I1 Modules 

Voltage Current  
Module Rat ing C o e f f i c i e n t  C o e f f i c i e n t  . 

Vendor Sample S i z e  Volt age AV/AT, V/'C AI/AT, ma/O~ 

* I n  a d d i t i o n  t o  a ' c o r r e c t e d  I V  curve a t  600C, t h e  LAPSS is used t o  provide 
a s t anda rd  curve at 28%. The l a t t e r  con ta in s  on ly  a small temperature  
c o r r e c t i o n ,  normally from an ambient of  about 21° t o  25OC. The 28OC 
I V  curves  a r e  used a l s o  a s  a b a s i s  f o r  measurement of any e l e c t r i c a l  
degrada t ion .  a f t e r  environmental tests., 



I V .  QUALIFICATION TESTING 

Q u a l i f i c a t i o n  t e s t i n g  as used i n  t h i s  r e p o r t  r e f e r s  t o  t h e  t e s t s  
r e q u i r e d  i n  t h e  procurement s p e c i f i c a t i o n ,  Document 5-342-1B, S e c t i o n  I11 
A and S e c t i o n  I1 C .  These t e s t s  were a p p l i e d  t o  t h e  i n i t i a l  sh ipments  
of Block I1 p r o t o t y p e  modules a s  w e l l  a s  t o  p r o d u c t i o n  samples  chosen 
a t  t h e  comple t ion  o f  each k i l o w a t t  o f  power d e l i v e r e d .  The t e s t  f low 
f o r  p r o t o t y p e  modules i s  shown i n  F i g .  5 .  T e s t  f low f o r  p r o d u c t i o n  
samples  was t h e  same e x c e p t  t h a t  t h e r m a l  c o e f f i c i e n t s  were n o t  measured. 

A.  T e s t  P r o c e d u r e s  

The t h r e e  major t e s t s ,  t e m p e r a t u r e  c y c l i n g ,  humid i ty ,  and mechanical  
i n t e g r i t y  ( a l s o  c a l l e d  c y c l i c  p r e s s u r e  l o a d i n g  o r  wind s i m u l a t i o n )  
were done w i t h  modules mounted i n  a test  f rame,  JPL Drawing 10081548. 
Modules were mounted i n  t h e  f rame,  b o l t s  were t o r q u e d  t o  t h e  p roper  
v a l u e s ,  and t e s t s  run.  Modules w e r e n ' t  demounted u n t i l  t h e  t h r e e  t e s t s  
were completed.  

These t e s t s  a r e  summarized i n  T a b l e  4  and d e s c r i b e d  i n  more d e t a i l  
below 

1. Temperature  c y c l i n g  (+90°C, -4o0c, 50 c y c l e s )  
The t e m p e r a t u r e  c y c l e s  were on a  4  hour b a s i s .  Temperature 
change program was 1 0 0 ~ C / h r .  There  was abou t  a 39 minute  
dwel l  t ime  both  w i t h  chamber a i r  a t  92.5Oc and a t  -42.5Oc. 
The a d d i t i o n a l  2.5OC was n e c e s s a r y  t o  p r o v i d e  a  AT t o  b r i n g  
t h e  i n d i v i d u a l  modules t o  +90 and - 4 0 ' ~  +2OC i n  39 minu tes .  

2 .  Humidity Cyc l ing  (+23Oc t o  +40.5 '~ ,  90%RH, 5 c y c l e s ) .  
T h i s  t e s t  was run  a c c o r d i n g  t o  MIL STD 810C, Method 507.1, 
P rocedure  V ( F i g .  3 ) .  A f t e r  two days  o f  p r e c o n d i t i o n i n g ,  
f i v e  c y c l e g  (one p e r  day)  were run  from 2 3 ' ~  t o  40.5 '~.  

3. Mechanical  I n t e g r i t y  (+2400 Pa (+50 pounds/sq.  f t . ) ,  100 c y c l e s ) .  
The p r e s s u r e  l o a d i n g  was a p p l i e d  i n  a  s p e c i a l  f i x t u r e  d e s c r i b e d  
i n  S e c t i o n  I V  B w i t h  a n  o v e r a l l  c y c l e  t i m e  o f  abou t  one minute .  

4 .  E l e c t r i c a l  Performance 
E l e c t r i c a l  performance b e f o r e  and a f t e r  each  t e s t  was measured 
i n  t h e  Large  Area Pu l sed  S o l a r  S i m u l a t o r  (LAPSS), F i g .  6.  
E l e c t r i c a l  d e g r a d a t i o n  from t e s t  e x p o s u r e s  was de te rmined  
by compar ison o f  t h e  p r e t e s t  and p o s t - t e s t  maximum power 
from t h e  module a t  28OC. The LAPSS computer c o r r e c t e d  
t h e  ambient  d a t a  ( g e n e r a l l y ,  21°C t o  25 '~ )  t o  2 8 ' ~  f o r  
a l l  modules,  by u s e  o f  LAPSS t e m p e r a t u r e  c o e f f i c i e n t s .  



Figure  5. Prototype Module Tes t  Flow a t  JPL 
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Table 4. Required Environmental Q u a l i f i c a t i o n  T e s t s  

T e s t s  Environmental T e s t  Leve ls  

Temperature c y c l i n g  +90°c, -40°c, 1 0 0 ~ C / h r ,  50 cyc l e s  

Humidity c y c l i n g  +40°c, + 2 3 O ~ ,  90% R H ,  24 h r / cyc l e  
5  Cycles 

Mechanical i n t e g r i t y  - +2400 Pa (k50 l b / f t 2 )  , 100 cyc l e s .  
( c y c l i c  p r e s su re  l oad ing )  

Warped mounting s u r f a c e  - +2 cm/m (k1 /4" per  f t )  . 
E l e c t r i c a l  i s o l a t i o n  Leakage c u r r e n t  <15 uA @ 1500 Vdc, - > 100 megohms r e s i s t a n c e  @ 1000 Vdc. 

5 .  E l e c t r i c a l  I s o l a t i o n  T e s t s  
These two tests, i n s u l a t i o n  r e s i s t a n c e  and vo l t age  with- 
s t a n d i n g ,  were performed per Doc. 5-342-1B, Sec t ion  I11 A2. 
A megohm br idge  was used t o  measure r e s i s t a n c e  a t  1000 
Vdc between t h e  c e l l  s t r i n g  and t h e  frame. A h i p o t  t e s t e r  
was used t o  check f o r  breakdown (15pA o r  more) a t  vo l t age  
s t e p s  of 500, 1000, and 1500 Vdc. Only modules with exposed 
metal  s t r u c t u r e  were r equ i r ed  t o  meet t h e s e  tests.  

6 .  Warped Mounting Sur face  (Twist T e s t )  
Th i s  requirement from Doc. 5-342-1B, S e c t i o n  I1 C1 was 
done by mounting t h e  module t o  a  f i x t u r e  t h a t  permi t ted  one 
co rne r  t o  be r a i s e d  and lowered by one p a r t  i n  fo r ty -e igh t  
( 1/4 inch per f o o t ) .  This ope ra t i on  is shown i n  F ig .  7 .  

B. Equipment and F a c i l i t i e s  

A l i s t  of t h e  f a c i l i t i e s  used during Block I1 q u a l i f i c a t i o n  t e s t i n g  
is  g iven  i n  Table  5 .  The temperature  and humidity exposures of  t h e  
1.2 x  1.2m ( 4  x  4  f o o t )  subar rays  were done o f f - l ab  because a t  t h a t  time 
t h e r e  were no chambers a v a i l a b l e  of s u f f i c i e n t  s i z e  a t  JPL. These t e s t s  
were run a t  Wyle Lab, Norco, C a l i f ;  Lockheed-California Co. a t  t h e i r  
Rye Canyon F a c i l i t y  near  Burbank, C a l i f . ;  and a t  Convair/General Dynamics, 
Sari Diego. Most of t h e  tests were performed a t  Convair. 

Module r e c e i v i n g ,  i d e n t i f i c a t i o n ,  i n s p e c t i o n ,  e l e c t r i c a l  t e s t i n g ,  
e l e c t r i c a l  i s o l a t i o n  tests,  t w i s t  t e s t s ,  and i n s t a l l a t i o n  i n  subar ray  
frames were done a t  Bldg. 248 a t  t h e  Je t  Propuls ion  Laboratory i n  Pasadena, 
C a l i f o r n i a .  Mechanical. i n t e g r i t y  tests ( c y c l i c  p r e s su re  l oad ing )  were 
done i n  Bldg. 144 .of t h e  same f a c i l i t y .  



F i g u r e  7 .  T w i s t  T e s t  Equipment 



Table -5.  Equipment and .. Tes t  : ~ ~ e c i i i b a t i o n s  . ti .. F 

. * 

s p e c i f i c a t i o n  ) , .  

(Pgra . from Doc. 
Tes t  Locat ion ~ e s c r i p t l o n  o f  Equipment 5-342-181 . B r i e f  Tes t  Desc r ip t i on  

Subarray 
Tes t  Frame Dwg 10081548 III.A.3 Rigid frame r equ i r ed  
f o r  Modules 

E l e c t r i c a l  Bld. 248 Spec t ro l ab  LAPSS .TI.A.l,2 
T e s t s  

C 
I n s u l a t i o n  Bld. 248 a .  Megohm br idge ,  General  II.A.3; III .A.2 100 megohms a t  1000 V ,  

t 
cn Tes t s  Radio type  1644A withstand 1500 V 

b. Hipot tester ,  Hipo- 
t r o n i c s  Model HDll5 

Warped Frame 
Tes t  Bld. 248 Dwg. 10082087 1I.C. 1 *2cm/m d e f l e c t i o n  o f  

one co rne r  

Temperature 
Cycling 

Humidity 

Temperature-humidity III.A.3.a -40° t o  +90°C, 100°C/hr, 
chamber, 50 c y c l e s  

Convair,  American Research, 
San Diego 2.4 x 2.4 x 4.8m III.A.3.b . 23OC 4 0 . 5 O ~  every  24 h r s ,  

90-95 R . ff . , ' 5 c y c l e s  
Cycl ing J 

Mechanical Bld. 144 Dwgs. 10082088 III.A.3.c 
I n t e g r i t y  100821 10 

10082484 
10082557 

~ 2 4 0 0  Pa, 100 c y c l e s  



The mechanical i n t e g r i t y  f i x t u r e  was developed espec ia l ly  f o r  
t h i s  t e s t  t o  induce uniform peak pressure loads  ac ross  the  surface  
of the  modules of  2400 pascals .  A schematic of  t h i s  device is shown 
i n  Fig. 8. The subarray was held,  sandwich-fashion, between two s t i f f e n e d  
aluminum shee t s  covered with a 0.4-m (1/64-in.) neoprene sheet .  The 
rubber diaphragms were s l ack  t o  insure  t h a t  t h e  a i r  pressure was trans-  
mit ted uniformly t o  the  subarray. A f l u s h  bearing surface  for  each 
diaphragm was provided by f i l l i n g  a l l  of  the  spaces and non-uniformities 
i n  the  modules with foam rubber u n t i l  t he  foam was f lush  (less 5mm) 
with the  subarray frame. The apparatus provided automatic a l t e r n a t i n g  
f r o n t  and back s i d e  pressure loading. The applied laad was q u i t e  uniform 
( ~ 1 0 % )  a s  measured by l i n e a r  i n d i c a t o r s  mounted on a bar across  the  
test frame t h a t  sensed module frame de f l ec t ions .  The e n t i r e  system 
is shown i n  Fig. 9. 

The a i r  pressure  cycl ing  was done by a pneumatic system on a 
separa te  s tand.  Two regu la to r s  reduced shop a i r  from l i n e  pressure 
t o  about 2600 Pa (10-1/2 inches of water) .  Two loading valves and 
two exhaust valves a l t e r n a t e l y  pressurized each s i d e  of  the  f i x t u r e .  
The valve c o n t r o l l e r  was a motor-driven s h a f t  with a series of cams 
and switches. Relief valves  were used t o  prevent overpressurizing.  
However, a s  an e x t r a  precaution,  the  a i r  supply l i n e s  t o  the  f i x t u r e  
had vents  i n s t a l l e d  i n  them t h a t  were immersed i n  a can of water t h a t  
was only 28 cm high precluding excessive pressure buildup. 

Other minor tests required were i n s u l a t i o n  and module f lexure  t e s t s  
with equipment a s  l i s t e d  i n  Table 5. The f l exure  t e s t  equipment is 
shown i n  Figure 7. 

E l e c t r i c a l  performance tests were done with a Spectrolab LAPSS 
(Large Area Pulsed So la r  Simulator) ,  F ig ,  6. A s p e c i a l  non-reflect ive 
room 5.2 m wide and 13 m long was used f o r  these  t e s t s .  The walls ,  
f l o o r s ,  and c e i l i n g s  were black. Three sets o f  d raper i e s  were hung 
a t  various po in t s  along the  length  of  the  room. Rectangular openings 
i n  the  d raper i e s  f u r t h e r  baff led  r e f l e c t i o n s .  .The l i g h t  source was two 
small xenon-filled lamps i n  a lamp housing a t  one end of the  room. 
The t a r g e t  a r e a  where t h e  c e l l s ,  modules, o r  subarrays t o  be t e s t ed  
were mounted was a t  the  o ther  end of the  room. The lamps1 power supply 
was a l a r g e  capac i to r  bank. The system computer con t ro l l ed  the  e n t i r e  
test sequence from the  charging of the  capac i to r ,  t o  f l a s h ,  t o  da ta  
pr in tout .  The f l a s h  was approximately 3 mi l l i seconds  long. The da ta  
were taken i n  1 t o  2 m s .  An e lec t ron ic  load (ramp vol tage)  was applied 
during da ta  acqu i s i t ion .  Forty o r  more cu r ren t  measurements were taken 
a t  various vol tage  values and s tored .  Data were aonverted t o  engineering 
u n i t s  f o r  p r i n t o u t  and were p lo t t ed  a l so .  The computer normalized 
the  da ta  t o  the  des i red  i r r ad iance  by comparison with the  shor t  c i r c u i t  
cu r ren t  o f  a c a l i b r a t e d  reference  c e l l  a l s o  mounted i n  t h e  t a r g e t  a r e a ,  
Thus, i f  100 m~/cm2 d a t a  were des i red ,  t h e  lamp c o n t r o l s  were set t o  
supply approximately t h i s  value; t h e  computer correc ted  f o r  any d i f fe rences  
i n  the  a c t u a l  s e t t i n g  a s  w e l l  a s  v a r i a t i o n s  during the  pulse. The 
extremely fast response of  s i l i c o n  s o l a r  c e l l s  permitted the  use of 
t h i s  type of system. 
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Figurer 9 ,  Mechanical Integrity Fixture With Paematfc Sand 



The computer could co r rec t  t h e  da ta  f o r  temperature a s  well.  
The temperature c o e f r i c i e n t  measurement described i n  Sect ion  I11 02, : . . 
above provided values f o r  correc t ion  of vol tage  (negative uolrreeb%on),, a .  ' 

cur ren t  (pos i t ive  ), , and series r e s i s t a n c e  (negati,ve) .'. Plo t t ed  and : 
. 

pr in ted  data  f o r  each module were genera l ly  provic$ed 'at 28W arid 600C 
n b m  measurements at  ambient temperiturea of  about 21-25O~. Preciqe 
determination of the  temperature coegf ic i an t s  required measurementsr. 
a t  two d s f f e r e n t  temperatures. A t a ~ ~ e r a t u r e  con t ro l l ed  bdx (hotbox) 
with a g l a s s  window was fabr ica ted  t o  hold t h e  1.17m long k d u l e s .  . . 
The voltage-cu,rrent c h a r a c t e r i s t i c  curve was taken a t  28OC and at  60°C 
and t h e  c o e h i c i e n t s  determined per Doc. 5-342-18, ~ e b t i o n  .I1 .A2. 
After t h e  c a e f f i c i e n t s  were known, e l e c t r i c a l  t e s t s  could be made a t  
ambient tem.peratures and performance a t  600C accura te ly  predicted.  

C. Resul ts  and Discussion 

Qual i f ica t ion- type  t e s t s  (Table 4 )  were run on t h e  i n i t i a l  set of 
prototype modules. I n  add i t ion ,  temperature c o e f f i c i e n t s  were measured 
on a quant i ty  from ten  t o  twenty of these  (Table 3) .  Later ,  sampl* 
modules were taken a t  the  end of each k i lowat t  of modules produced. 
Most of ' the l a t t e r  were given qual-type tests. Also, one i n  every  
t h r e e  were checked f o r  temperature c o e f f i c i e n t s ,  A few modules were 
rechecked f o r  a change i n  temperature c o e f f i k i e n t s  a f t e r  completing 
qua1 tests. Prototype and 1 kW sample r e s u l t s  a r e  presentecl below 
(See a l s o  Table 1 f o r  i n i t i a l  performance and c h a r a c t e r i s t i c s  ) . 

. . 
1. ~ g a l i f i c a t i o n  Tes t  Results  f o r  Prototype Modules. 

Table 6 pres'ents the data  on t h e  p r i n c i p a l  types of degradation 
observed, ' The symbols used i n d i c a t e  t h e  t e s t  exposure which caused 

' t h e  degradation observed.   he s i z e s  of t h e  symbols providel an assessment 
of t h e  frequency and s e v e r i t y  of t h e  problem. 

Cel l  cracking was a minor problem f o r  prototype modules. Only 
WB and Z-type modulps were a f fec ted .  Ordinar i ly ,  temperature cycl ing ,  
would be expected t o  cause most c e l l  cracking.  However, 2-type had 
c e l l  cracking from each of  t h e  th ree  tests. It was a t t r i b u t e d  t o  expansion 
of trapped a i r  under t h e  c e l l s .  Delamination a l s o  re su l t ed  from t h e  
trapped a i r .  

Minor corros ion of the  metal frame was observed a f t e r  humidity 
test of WA protokypes. E l e c t r i c a l  d e ~ r a d a t i o n  was only a.minor problem, 
with V (g lass  cover) ,  W and Z a f fec ted-  

The sduare symbols (environment independent) i n d i c a t e  e r r a t i c  
power output and was observed even with WA and Z con t ro l  modules. 
The photon degradation e f f e c t  described i n  References 6 and 7 may 
explain some of the  observed i n s t a b i l i t y .  The o the r  WB and Z module 
e l e c t r i c a l  degradations were probably due t o  t h e  c e l l  cracks i n  those 
same modules. 





The e l e c t r i c a l  i s o l a t i o n  'problem i n  a WA module was b e l i e v e d  t o  
be  due t o  a b u s  b a r  t h a t  was l o c a t e d  t o o  c l o s e  t o  t h e  meta l  frame. 

De lamina t ion  of t h e  s i l i c o n e  r u b b e r  e n c a p s u l a n t  was a s i g n i f i c a n t  
problem w i t h  b o t h  t y p e s  of  V modules and w i t h  Z modules.  Both tempera- 
t u r e  and humid i ty  t e s t s  produced d e l a m i n a t i o n .  S i n c e  t empera tu re  c y c l i n g  
occur red '  f irst ,  i t  may have c o n t r i b u t e d  t o  t h e  subsequen t  d e l a m i n a t i o n  
under humid i ty  e x p o s u r e .  

De lamina t ion  i n  V modules was a t t r i b u t e d  t o  two c a u s e s .  A n a l y s i s  
showed t h a t  t h e  primer used was n o t  s t i c k i n g  t o  t h e  aluminum s u b s t r a t e ,  
presumably due  t o  i n a d e q u a t e  s u r f a c e  p r e p a r a t i o n .  I n t e r l a y e r  d e l a m i n a t i o n  
o f  t h e  RTV 615 was due t o  a  second pour af ter  p a r t i a l  c u r i n g  o f  t h e  
first pour.  

2. Qual- type T e s t s  o f  P roduc t ion  Samples (kW modules)  

R e s u l t s  o f  tests o f  p r o d u c t i o n  samples  i n  Tab le  7 show widely  
d i f f e r e n t  r e s u l t s  when compared t o  p r o t o t y p e s  ( T a b l e  6) .  C e l l  c r a c k s  
o c c u r r e d  i n  some modules o f  a l l  t y p e s .  E a r l y  V modules showed c r a c k s  
i n  n e a r l y  e v e r y  module w i t h  an  average  of f i v e  c r a c k s  i n  each.  E l e c t r i -  
c a l  d e g r a d a t i o n  o c c u r r e d  f r e q u e n t l y  from t h e  c e l l  c r a c k i n g .  Delaminat ion 
o f  V and Z modules was less i n  t h e  p r o d u c t i o n  samples .  

a. V-type Modules 

An i n v e s t i g a t i o n  o f  t h e  c r a c k i n g  problem w i t h  e a r l y  V modules 
showed t h a t  t h e  e x p a n s i o n / c o n t r a c t i o n  o f  t h e  t h i c k e r  l a y e r  o f  e n c a p s u l a n t  
i n  t h e  s t i f f e n i n g  r i b s  below t h e  cells  produced t h e  c r a c k i n g  s t r e s s e s .  
The s u p p l i e r  deve loped  s e v e r a l  new d e s i g n s  ( T a b l e  8 )  and f a b r i c a t e d  
samples  which were t h e n  t e s t e d  a t  JPL.  The aluminum s h e e t  under t h e  
c e l l s  was chosen  and used f o r  t h e  f i n a l  13% o f  t h e  modules d e l i v e r e d .  
T h i s  s h e e t  s t o p p e d  most o f  t h e  c e l l  c r a c k i n g  as w e l l  as t h e  e l e c t r i c a l  
d e g r a d a t i o n  t h a t  had been caused by t h e  c r a c k s .  

b. W Modules 

Minor c e l l  c r a c k i n g  and e l e c t r i c a l  d e g r a d a t i o n  were observed.  
The e l e c t r i c a l  d e g r a d a t i o n  was i n  t h e  same module t h a t  developed a  
c racked  c e l l  d u r i n g  humid i ty  t e s t i n g .  

c .  Y Modules 

. A moderate  number o f  small c r a c k s  appeared  af ter  t e m p e r a t u r e  and 
mechanical  i n t e g r i t y  tests. Another module showed m a r g i n a l  e l e c t r i c a l  
d e g r a d a t i o n  af ter  mechan ica l  i n t e g r i t y  t e s t i n g .  



Table 7. Block I1 Production Samples (kW) ~ualification-~~pe Tests 

SUPPLIERS 
CELL 

CRACKS 
ELECTR I CAL 

DELAMINATION DEGRADATION 

V (EARLY) 

V (LATER) 

TEMPERATURE CYCL.1 NG 
0 H U M I D I T Y  

CYCLIC  PRESSURE LOADING 



T a b l e  8. At tempts  t o  Reduce V Module C e l l  Cracking by Redesigns  

E f f e c t  on C e l l  
.Type Cracking Other  E f f e c t s  

Glass c o v e r s  of  40 ,  60 , G r e a t l y  reduced Reduced power, 
& 70 m i l  t h i c k n e s s e s  . i n c r e a s e d  d e l a m i n a t i o n  

F i l l e d  g rooves  first w i t h  Reduced 
a compound w i t h  a b e t t e r  
t h e r m a l  expans ion  
c o e f f i c i e n t  match.  

S p e c i a l  f i l l e r  
. tu rned  ye l low 

I n s t a l l e d  a 20 m i l  t h i c k  G r e a t l y  reduced None 
aluminum s h e e t  o v e r  bottom 
o f  pan ,  ven ted  t h e .  g r o o v e s  
(no  e n c a p s u l a n t  i n  t h e  
g r o o v e s )  . 

d .  Z Modules 

Moderate ce l l  c r a c k i n g  was obse rved ,  p r i m a r i l y  from t e m p e r a t u r e  
c y c l i n g .  The minor e l e c t r i c a l  d e g r a d a t i o n  was n o t  c e l l  c r a c k  connec ted .  
Moderate d e l a m i n a t i o n  o c c u r r e d  a s  w e l l  as s p l i t s  i n  t h e  e n c a p s u l a n t .  

3 .  Comparison of  Block I and Block I1 Modules 

A compar ison o f  Block I ( T a b l e  9) and Block I1 r e s u l t s  shows 
a g r e a t  improvement i n  t h e  l a t e r  modules. i n  s p i t e  o f  t h e  g r e a t e r  test  
s e v e r i t y  ( r i g i d  f rames  and t h e  added t es t ,  c y c l i c  p r e s s u r e  l o a d i n g ) .  

De lamina t ion  h a s  been g r e a t l y  reduced i n  Block 11. Humidity ex- 
p o s u r e  has  r e s u l t e d  i n  ve ry  few d i s c r e p a n c i e s  on t h e s e  l a te r  modules. 
~ l e c t r i c a l  d e g r a d a t i o n  d i d n ' t  o c c u r .  a s  f r e q u e n t l y  and i n d i v i d u a l  power 
l o s s  p e r c e n t a g e s  were lower .  Problems w i t h  i n t e r c o n n e c t s  have v i r t u a l l y  
been e l i m i n a t e d .  However, c e l l  c r a c k i n g  was as p r e v a l e n t  f o r  Block I1 as 
it was f o r  Block I ,  even i f  e a r l y  V t y p e  Block I1 modules are d i s r e g a r d e d .  



T a b l e  9. Block I Q u a l i f i c a t i o n  T e s t  R e s u l t s  

CELL ELECTR I CAL' DAMAGED 
SUPPLIERS CRACKS DEGRADATION DELAM INAT ION INTERCONNECTS 

Y (EARLY) 

Y ( LATER I* 

0 TEMPERATURE CYCLING 
0 HUMIDITY CYCLING 

*PALLADIUM ADDED TO CONTACTS 



V. EXPLORATORY TESTING 

A number of supplemental tests were run on sample modules to 
characterize performance and evaluate techniques of environmental testing. 
Tests in these environments were not a requirement under the contract. 

A. Procedures and Equipment 

The procedures and test equipment used were essentially the same 
as described in Ref. 8, Section IV. Pertinent excerpts from this report 
are presented in Appendix B; a summary of tests run on Block I1 modules 
is given in Table 10. Fungus testing was not done on Block I1 modules. 
Exploratory tests were run on only 3 or 4 modules of each type. 

B. Results and Discussion 

Table 1 1  summarizes the results of exploratory testing and further 
details are given below. 

1: The humidity-freezing test appeared to be the most severe 
environment with delamination produced in three out of 
four cases. V modules showed some discoloration, as well. 

2. Salt fog produced loss of electrical isolation to ground 
in the three W modules tested. This was traced to salt 
water entry at the point where electrical leads came out 
of the laminate. After dryout, isolation was recovered. 
Y module corrosion was due to a steel pin anchoring the 
plated brass bus strip in the terminal box. Z module corrosion 
came from steel inserts used with brass terminal screws. 

3. Heat-rain produced minor electrical degradation in one 
each of V and Z modules, and a minor cell crack in a W 
module. 

4. Wind-driven rain produced no observable degradation on 
any module. 

.5. Humidity-heat caused.one cracked cell in a V module and 
minor electrical degradation in a Z module. 



Table  10. E x p l o r a t o r y  Environmental  T e s t s  

T e s t s  T e s t  L e v e l s  and T e s t  Equipment 

Modules a l lowed  t o  reach '  maximum temp- 
e r a t u r e  on a c l e a r  warm day; ha rd  
r a i n  s i m u l a t e d  w i t h  d e i o n i z e d  water  
s p r a y  u n t i l  modules r e a c h  e q u i l i b r i u m  
( a b o u t  8 min . ) .  5  c y c l e s .  S p e c i a l l y  
des igned  water s p r a y  equipment.  

2. M.i.nd-dri.ven r a i n  Spray of deionj .zad w a t e r  a t  18 m / s  
and 2mm a v e r a g e  d r o p l e t  s i z e ;  modules 
s l o w l y  r o t a t e d  i n  heavy s p r a y  f o r  
15 minu tes .  S p e c i a l l y  des igned  equip- 
men t . 
MIL-STD-202E, Meth. 106D ( n o  v i b r a t i o n ) .  
2 c y c l e s ,  23 t o  6 5 O ~  a t  95% RH i n  16 h r ;  
t h e n ,  -13OC f o r  3 hours .  10 c y c l e s .  
S tandard  temperature-humidi ty  t e s t  
chamber. 

Modules are w a t e r - s a t u r a t e d  i n  a  cham- 
b e r  f o r  6  h r  a t  70°C, 95% r e l a t i v e  
humidi ty ;  t h e n  removed and i r r a d i a t e d  
a t  f u l l  s i m u l a t e d  sun  t o  s t a b l e  temp- 
e r a t u r e .  10 c y c l e s .  S tandard  
temperature-humidi ty  chamber and 3400 K 
lamp bank. 

5 .  S a l t  fog MIL-STD-810C, Meth. 509.1. S a l t  s p r a y ,  
3 5 O ~ ,  95% R . H .  f o r  48 h r .  S a l t  fog 
chamber. 



Table 1 1 .  Exploratory Testing of Block I1 Modules Operations Area 

WIND-  
DRIVEN 

RA IN 

PASS 

PASS 

PASS 

PASS 

HEAT-RA I N  

ELECTRICAL 
DEGRADATION 

CELL CRACKED 

PASS 

ELECT. DEGRAD, 
SPLIT ENCAP. 

S U PPL l ER 

V 

W 

Y 

Z 

HUM I D  ITY 
HEAT 

CRACKED CELL 

PASS 

PASS 

ELECTR I CAL 
DEGRADATION 

HUMIDITY-  
FREEZ ING 

DISCOLORATION, 
DELAM I NAT I ON 

'PASS 

DEI-AM I NAT I ON 

MINOR 
DELAM I NAT ION 

SALT FOG 

PASS 

ELECTR l CAL 
ISOLATION 

TERM lNAL 
CORROS ION 

TERM I NAL 
CORROSION 



V I .  CONCLUSIONS AND RECOMMENDATIONS 

A .  CONCLUSIONS 

1 .  Block I1 modules performed b e t t e r  t h a n  Block I modules on 
a l l  c o u n t s  e x c e p t  f o r  c e l l  c r a c k i n g .  T h i s  improvement i s  e s p e c i a l l y  
s i g n i f i c a n t  s i n c e  t h e  t e s t i n g  was more s e v e r e  due t o  a d d i t i o n  o f  r i g i d  
f r ames  and t h e  mechan ica l  i n t e g r i t y  t e s t  t o  t h e  Block I1 procedures .  
The f r equency  o f  d i s c o v e r y  o f  ce l l  c r a c k s  may be due i n  p a r t  t o  b e t t e r  
i n s p e c t i o n  methods and t h e  more numerous and l a r g e r  areas o f  ce l l s  on 
Block I1 modules. However, c e l l  c r a c k i n g  is  a s e r i o u s  problem. 

2.  P r o d u c t i o n  sample  t e s t i n g  i s  n e c e s s a r y  even  though q u a l i -  
f i c a t i o n  tes ts  on p r o t o t y p e s  show no module d e f e c t s .  Cell c r a c k i n g  and 
e l e c t r i c a l  d e g r a d a t i o n  i n  V ' ( s t a n d a r d )  and Y modules o c c u r r e d  i n  p r o d u c t i o n  
modules and n o t  i n  p r o t o t y p e s .  Apparen t ly ,  t h e  s h i f t  t o  h i g h  p r o d u c t i o n  
may i n t r o d u c e  p r o c e s s i n g  and q u a l i t y  c o n t r o l  problems n o t  p r e s e n t  i n  
p r o t o t y p e  runs .  

3 .  The v a l u e s  o f  t h e  v a r i o u s  tes ts  i n  r e v e a l i n g  module weaknesses  
are,  i n  o r d e r ,  t e m p e r a t u r e  c y c l i n g ,  humid i ty ,  and mechan ica l  i n t e g r i t y .  
However, h u m i d i t y - f r e e z i n g ,  a n  e x p l o r a t o r y  t e s t ,  showed h i g h  v a l u e  i n  t h e  
d i s c o v e r y  o f  d e l a m i n a t i o n .  Except  f o r  t h e  h a r d  r a i n  t e s t ,  a l l  o f  t h e  
e x p l o r a t o r y  t e s t s  were u s e f u l .  None o f  t h e  modules had any d i f f i c u l t i e s  
w i t h  t h e  warped frame ( t w i s t )  test .  

4 .  There  is good agreement  between e n v i r o n m e n t a l  chamber test 
r e s u l t s  and f i e l d  test r e s u l t s  based on e a r l y  d a t a  from f i e l d  t e s t .  
However, f u r t h e r  compar ison and s t u d y  i s  needed.  

B. RECOMMENDATIONS 

1 .  P r o d u c t i o n  sample  t e s t i n g  s h o u l d  be c o n t i n u e d  i n  a d d i t i o n  t o  
p r o t o t y p e  q u a l i f i c a t i o n  u n t i l  t h e r e  is a s s u r a n c e  t h a t  p r o d u c t i o n  q u a l i t y  
c o n t r o l  is e f f e c t i v e .  

2.  JPL s h o u l d  endeavor  t o  r educe  i t s  r e s p o n s e  time t o  module 
d e s i g n  o r  q u a l i t y  problems t o  minimize time r e q u i r e d  f o r  c o r r e c t i v e  a c t i o n  
a t  t h e  m a n u f a c t u r e r .  

3. An i n t e g r a t e d  s t u d y  is  needed t o  c o r r e l a t e  e n v i r o n m e n t a l  
chamber, f i e l d  tes t ,  and a p p l i c a t i o n  area r e s u l t s .  A compar ison of t h e  
f r equency  and s e v e r i t y  o f  real time d e g r a d a t i o n  o f  Block I and Block I1 

. modules vs .  test chamber r e s u l t s  w i l l  show up i n a d e q u a c i e s  i n . t h e  l a t t e r .  
Then, a d j u s t m e n t s  and improvements i n  chamber t e s t  p r o c e d u r e s  c a n  be made. 
T h i s  shou ld  be a n  on-going s t u d y  because  o f  t h e  r e l a t i v e l y  s h o r t  d u r a t i o n  
o f  t h e  f i e l d  t e s t . a n d  a p p l i c a t i o n  area e x p e r i e n c e  a t  t h e  p r e s e n t  time. 



4. C o n c u r r e n t l y  w i t h  t h i s  s t u d y  ( 3 ,  a b o v e ) ,  d e t e r m i n e  t h e  e f f e c t  
of  v a r i o u s  changes  i n  t h e  e x p l o r a t o r y  t e s t  s e r i e s  i n c l u d i n g  t h e  fo l lowing :  

a. Combine t h e  t e m p e r a t u r e  c y c l i n g  and h u m i d i t y - f r e e z i n g  t e s t s  t o  
measure t h e  e f f e c t  on d e l a m i n a t i o n .  

b.' I n c r e a s e  limits and /o r  c y c l e s  on s a l t  f o g ,  h e a t - r a i n ,  and 
humidi ty-heat  ( d e l e t e  wind-driven r a i n ) .  

c. I n  a d d i t i o n  t o  a l o n g e r  d u r a t i o n  s a l t  f o g  t es t ,  i n c o r p o r a t e  
d i s s i m i l a r  m e t a l  mounting a n d , e l e c t r i c  power g e n e r a t i o n ,  i f  f e a s i b l e .  

5. The Q u a l i t y  Assurance group shou ld  be a p a r t  o f  t h e  s t u d y  (3 ,  
above)  w i t h  t h e  o b j e c t i v e  o f  improving t h e  c o r r e l a t i o n  o f  t h e  i n s p e o t i o n  
a c c e p t a n c e  c r i t e r i a  w i t h  l o n g  t ime  r e l i a b i l i t y  and t h e  e l i m i n a t i o n  o f  
non- re levan t  c r i t e r i a .  
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APPENDIX A 

JET PH'OPULSION LABORATORY INTEROFFICE MEMO #341-77-D-108 

March 8 ,  1977 

L. Dumas 

FROM : G .  Downing, R .  Mue l l e r  

SUBJECT: Measurement P rocedure  and R e s u l t s  f o r  Determining 
S o l a r  Cell Module Temperature  C o e f f i c i e n t s  f o r  C u r r e n t ,  
V o l t a g e  and Bulk S e r i e s  R e s i s t a n c e  

Modules under  t e s t  a r e  mounted i n s i d e  an  i n s u l a t e d  aluminum box 
hav ing  a t r a n s p a r e n t  P l e x i g l a s s  I1 UVA f r o n t  d o o r .  The box i s  l o c a t e d  
a t  t h e  normal t e s t  d i s t a n c e  from t h e  LAPSS i l l u m i n a t i o n  s o u r c e  and 
t h e  t e s t  module i s  mounted t o  t h e  r e a r  s u r f a c e  o f  t h e  box w i t h  f o u r  
s t a n d o f f s  t o  c e n t e r  it. i n s i d e  t h e  box. The test module is  e q u i d i s t a n t  
t o  t h e  t r a n s p a r e n t  f r o n t  door  which h a s  a measured t r a n s m i s s i o n  l o s s  
o f  8%.  Heated a i r  is  c i r c u l a t e d  th roughout  t h e  box i n t e r i o r  t o  p r o v i d e  
uniform h e a t i n g  o f  t h e  test module a t  r e q u i r e d  t e m p e r a t u r e s  up t o  6 5 O ~ .  

The r e f e r e n c e  s t a n d a r d  c e l l  provided by LeRC is  mounted o u t s i d e  
t h e  box w e l l  w i t h i n  t h e  + I %  un i fo rmly  i l l u m i n a t e d  t e s t  p l a n e  and is  
n o t  s u b j e c t e d  t o  h e a t i n g .  It normal ly  o p e r a t e s  a t  a  t e m p e r a t u r e  o f  
22 + 1°C. The LAPSS i l l u m i n a t i o n  s o u r c e  i s  a d j u s t e d  t o  a n  i l l u m i n a t i o n  
l e v e l  8% h i g h e r  t h a n  normal t o  i n s u r e  a  100 mw/cm2 i n t e n s i t y  i n s i d e  .. 
t h e  box. The normal c a l i b r a t i o n  v a l u e  f o r  t h e  r e f e r e n c e  s t a n d a r d  c e l l  
is  a l s o  i n c r e a s e d  by 8% s o  t h a t  t h e  LAPSS computer w i l l  a p p l y  o n l y  
a  minor c o r r e c t i o n  t o  t h e  module I V  c h a r a c t e r i s t i c s  f o r  a n  i n t e n s i t y  
o f  100 mw/cm2 i n s i d e  t h e  box r a t h e r  than  o u t s i d e  t h e  box. 

P r i o r  t o  a s e r i e s  o f  r u n s  b e i n g  made on a  p a r t i c u l a r  module d e s i g n ,  
one o f  t h e  modules is  i n s t r u m e n t e d  w i t h  a number o f  thermocouples  on 
t h e  s o l a r  c e l l s  and s u b s t r a t e .  I n  a d d i t i o n ,  many thermocouples  a r e  
p o s i t i o n e d  i n  t h e  a i r  around t h e  test module i n  t h e  box. A t e m p e r a t u r e  
p r o f i l e  is made where t h e  t ime  p e r i o d  r e q u i r e d  t o  a t t a i n  e q u i l i b r i u m  
between t h e  module and a i r  t e m p e r a t u r e  is de te rmined .  I n  a d d i t i o n ,  
o v e r a l l  t e m p e r a t u r e  u n i f o r m i t y  i s  found. These t ime  p e r i o d s  a r e  no ted  
f o r  all t h e  r e q u i r e d  t e s t  Lempera,tures and t h e  remain ing  modules are 
i n s t r u m e n t e d  w i t h  one t o  t h r e e  thermocouples  on t h e  r e a r  s u r f a c e s  o f  
s e v e r a l  s o l a r  c e l l s .  These are used t o  measure module t e m p e r a t u r e  
a f t e r  t h e  p rede te rmined  t ime  p e r i o d  f o r  h e a t i n g .  Module I V  c h a r a c t e r i s t i c s  
a r e  measured a t  r e q u i r e d  t e m p e r a t u r e  ( i . e .  2 8 O ~  and 60°C) and t e m p e r a t u r e  
c o e f f i c i e n t s  a r e  de te rmined  from t h e  r e s u l t i n g  d a t a .  



The change i n  I V  c h a r a c t e r i s t i c s  of  a module a t  two d i f f e r e n t  
t e m p e r a t u r e s  is  found by comparing t h e  I V  c u r v e s  a s  shown i n , F i g u r e  A-1. 
Eleven v o l t a g e - c u r r e n t  c o o r d i n a t e s  are de te rmined  from t h e  t a b u l a r  
p r i n t o u t  p rov ided  w i t h  t h e  c u r v e s .  The l o c a t i o n s  a r e  shown i n  F i g u r e  A-1. 
The f o l l o w i n g  fo rmulae  a r e  used t o  f i n d  v a r i o u s  module pa ramete r s  l e a d i n g  
up t o  t h e  d e t e r m i n a t i o n  o f  t h e  t e m p e r a t u r e  c o e f f i c i e n t $  f o r  c u r r e n t ,  
v o l t a g e  and b u l k  s e r i e s  r e s i s t a n c e .  

! 

1. Shunt  R e s i s t a n c e  f o r  c u r v e s  1  and 3  ( RSH , RsH3), =', 

2 .  S h o r t  C i r c u i t  c u r r e n t  f o r  c u r v e  1 ( l s c l )  = 

- -3 .  Shunt  R e s i s t a n c e  f o r  c u r v e  2 (RSH ) = 2 

4. S h b r t  C i r c u i t  c u r r e n t  f o r  cu rve  2  ( 1 s c 2 )  = 

5. Bulk Series R e s i s t a n c e  f o r  c u r v e s  1  and 3 (RS1, R ~ ~ )  = 

6.  Open c i r c u i t  v o l t a g e  f o r  c u r v e  1 ( v o c l )  = 



7. Bulk S e r i e s  R e s i s t a n c e  f o r  c u r v e  2  (RS ) = 
2 

8. Open C i r c u i t  Vol tage  f o r  c u r v e  2  and 3  (Voc2, Voc3) = 

v8 + 1 8  Rs2 . 
. . 

9.  S h o r t  C i r c u i t  C u r r e n t  f o r  c u r v e  3. ( I s c  ) = 
3 

10. Displacement  v o l t a g e  from c u r v e  1  t o  c u r v e  3 ,  removing t h e  i n f l u e n c e  
o f  any change i n  b u l k  s e r i e s  r e s i s t a n c e .  (VDT) = 

11. Displacement  c u r r e n t  from c u r i e  1  t o  c u r v e  3 ,  removing t h e  i n f l u e n c e  
o f  any change i n  b u l k  s e r i e s  r e s i s t a n c e .  ( I D T )  = 

I s c  + 
3 

12. . D i s p l a c e m e n t  v o l t a g e ,  n e a r  maximum power, from c u r v e  3  t o  c u r v e  2  
t o  de te rmine  t h e  i n f l u e n c e  o f  any change i n  b u l k  s e r i e s  r e s i s t a n c e  (VDST) = 



13. Change i n  bulk series r e s i s t a n c e  (RDST)  = 

14. Coe f f i c i en t  f o r  change i n  bulk s e r i e s  r e s i s t a n c e  near  maximum 
power i n  l / l O 1 s  of mill iohms per OC temperature  change. ( R D s )  = 

15. C o e f f i c i e n t  f o r  t h e  displacement o f  v o l t a g e  f o r  t h e  e n t i r e  IV 
curve i n  v / c e l l  per  O C  temperature  change. (VDS) = 

16. Coe f f i c i en t  f o r  t h e  displacement of c u r r e n t  f o r  t h e  e n t i r e  I V  
curve i n  ~ / c m ~  c e l l  a r e a  per OC temperature  change. (IDS) = 

Using t h i s  t echnique ,  temperature  c o e f f i c i e n t s  have been experi-  
menta l ly  determined f o r  t h e  four  vendor ' s  130 kW pro to type  modules a s  
shown i n  Tables  A-1 through A-4. These numbers a r e  used then t o  gene ra t e  
a x i s  t r a n s l a t i o n  c o n s t a n t s  f o r  t h e  vendor 's  use a s  descr ibed  i n  t h e  
procurement spec .  

The c o e f f i c i e n t s  shown i n  t h e  t a b l e s  a r e  a l l  c o n s i s t e n t  with t h e  
nominal c o e f f i c i e n t s  a s  found i n  t h e  l i t e r a t u r e  and i n  use f o r  many yea r s .  
A r e c e n t  d i sc repancy ,  however, d id  a r i s e  when Vendor Y repor ted  t h e i r  
c u r r e n t  c o e f f i c i e n t  a s  3.1 ma/oC f o r  t h e i r  130 kW module which is  2.5 
times h igher  than t h e  1.22 ma/OC measured a t  JPL f o r  i d e n t i c a l  modules. 
S ince  t h e i r  measurement was made under t ungs t en  i l l u m i n a t i o n  r a t h e r  than  
s o l a r  o r  s o l a r  s imula ted  i l l u m i n a t i o n ,  and f u r t h e r ,  s i n c e  q u a l i t a t i v e l y  an 
i n c r e a s e  i n  t h e  c u r r e n t  c o e f f i c i e n t  would be. expected under tungs ten  
i l l u m i n a t i o n ,  t h e  JPL measurements were extended t o  i nc lude  tungs ten  and 
s o l a r  i l l u m i n a t i o n .  Under tungsten i l l u m i n a t i o n  a  c u r r e n t  c o e f f i c i e n t  of 
3.05 ma/oC was obta ined  confirming t h e i r  measurement. Under s o l a r  
i l l u m i n a t i o n  a  va lue  of  1.25 ma /OC was obta ined  confirming t h e . u s e  
of xenon a s  a  s o l a r  s imu la t i on  source .  This  d i f f e r e n c e  could produce 



an e r r o r  i n  P,, @ 600C of  about 4 t o  5% which is s i g n i f i c a n t .  It is  
recommended, t h e r e f o r e ,  t h a t  t h e  va lue  ob ta ined  i n  xenon be used. 
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Table A-1. J P L  LAPSS Temperature Cor rec t ions  

Vendor W 

Module R CORR V CORR I CORR 
S/N I x I O - ~ R / O C  p V / ~ e l l / ~ C  p ~ / ~ m 2 / ~ ~  , 

A VG 77.58 
STD DEV - +6.09 
% STD DEV - +7.85% 

Parameter S e t t i n g s  f o r  JPL LAPSS 

Parameter T i t l e  Value Units  

1 Ce l l  a r e a  *914 Square Mi l l imeters  
2 C e l l s  P a r a l l e l  3 C e l l s  
3 C e l l s  S e r i e s  40 Cells 
6 I Temp Corr 
7 V Temp Corr -2 154 

22 R Temp Corr 7 8 Tenths  o f  M i l l i ~ h m s / ~ C  

*Actual va lues  f o r  1 and 6 a r e  2235 and 10.22, r e s p e c t i v e l y .  
However, t h e  LAPSS computer cannot accep t  t h e s e  va lues  because of 
program c o n s t r a i n t s .  The va lues  have been s c a l e d  t o  provide t h e  same 
product of t h e  va lues ,  which is  t h e  only way t h e  va lues  a r e  used by t h e  
LAPSS computer. 



Table A-2. JPL LAPSS Temperature Correc t ions  

Vendor V 

Module R CORR V CORR I CORR 
S/N 1 x 10-4a/oc p ~ / c e l l / O ~  p ~ / c r n ~ / ~ c  

AVG 207.75 
STD DEV - +24.57 

% STD DEV - +1 1.8% 

Parameter S e t t i n g s  f o r  JPL LAPSS 

Parameter # 

- -- 

T i t l e  Value Uni t s  

1 Cell a r e a  *I 104 Square Mi l l ime te r s  
2 C e l l  P a r a l l e l  1 Cells 
3 Cells Series 42 . Cells 
6 I Temp Corr 
7 V Temp Corr -2 192 

. 22 R Temp Corr 20 8 Tenths o f  ~ i l l i o h m s / ~ ~  

*Actual va lues  f o r  parameters  1 and 6 a r e  2342 and 11.79, r e s p e c t i v e l y .  
However, t he  LAPSS computer cannot accept  t h e s e  va lues  because o f  program 
c o n s t r a i n t s .  The va lues  have been sca l ed  t o  p r o v i d e . t h e  same product o f  
the.  va lues ,  which is t h e  on ly  way t h e  va lues  a r e  used by t h e  LAPSS computer. 



Table A-3. JPL LAPSS Temperature Correc t ions  

Vendor Y 

Module R CORR V CORR I CORR 
. S/N I x ~ o - L I S ~ / O C  ( I V / C ~ ~ ~ / ~ C  ( I A / c ~ ~ / O C  

AVG 81.71 
STD DEV G 6 . 4 8  
% STD DEV - +44.6% 

Parameter S e t t i n g s  f o r  JPL LAPSS 

Parameter W T i t l e  Value Uni t s  

1 C e l l  a r e a  '2260 Square Mi l l imeters  
2 C e l l s  P a r a l l e l  2 Cells 
3 Cells S e r i e s  42 C e l l s  
6 I Temp Corr *27 ( I A / C ~ ~ / ~ C  

7 V Temp Corr -2177 p V / ~ e l l / ~ C  
22 R Temp Corr 82 Tenths o f  ~ i l l i o h m s / ~ C  

*Actual va lues  f o r  parameters  1 and 6 a r e  2280 and 26.76, r e s p e c t i v e l y .  
However, t h e  LAPSS computer cannot accept  t h e s e  va lues  because of  program 
c o n s t r a i n t s .  The va lues  have been sca l ed  t o  provide t h e  same product o f  
t h e  va lues ,  which is t h e  on ly  way t h e  va lues  a r e  used by t h e  LAPSS computer. 



. . 

Table A-4. \JPL LAPSS Temperature Cor rec t ions  ' 

Vendor Z 

Module R CORR V CORR I CORR 
S/N 1  I O - ~ Q / O C  p ~ / c e l l / ~ ~  p ~ / c m ~ / ~ c  

AVG 
STD DEV 

% STD DEV 

Parameter S e t t i n g s  f o r  JPL LAPSS 

Parameter /I T i t l e  Value Uni t s  

1  C e l l  a r e a  '917 Square Millimeters 
2  Cells P a r a l l e l  1  C e l l s  
3 C e l l s  S e r i e s  40 C e l l s  
6  I Temp Corr 
7  V Temp Corr -2 129 

22 R Temp Corr 4  4  Tenths o f  ~ i l l i o h m s / ~ ~  

'Actual va lues  f o r  parameters  1  and 6 a r e  7706 and 2.976, r e s p e c t i v e l y .  
Ho.wever, t h e  LAPSS computer cannot accep t  t h e s e  va lues  because o f  program 
c o n s t r a i n t s .  The va lues  have been sca l ed  t o  provide t h e  same product o f  
t he  va lues ,  which is t h e  on ly  way t h e  va lues  a r e  used by t h e  LAPSS computer. 



APPENDIX B 

EXCERPTS FROM JPL REPORT 
5101-27 on EXPLORATORY TESTING 

A number of supp lementa l  t e s t s  were run on sample modules t o  char -  
a c t e r i z e  performance and e v a l u a t e  t e c h n i q u e s  o f  env i ronmenta l  t e s t i n g .  
T e s t s  i n  t h e s e  env i ronments  were n o t  a  r equ i rement  under  t h e  c o n t r a c t .  
These env i ronments  i n c l u d e  t h e  f o l l o w i n g :  

( 1 )  Humid i ty - f reez ing  

( 2 )  S a l t  fog 

( 3 )  Hard r a i n  

( 4 )  Heat - ra in  

( 5 )  Humidity-heat  

( 6 )  Fungus 

( 7 )  Wind l o a d i n g  

(8 )  High v o l t a g e  

( 9 )  Thermal r e s p o n s e  

The f a c i l i t i e s  used f o r  t h e s e  tests were similar t o  t h o s e  d e s c r i b e d  i n  
S e c t i o n  I11 ( Q u a l i f i c a t i o n  T e s t i n g ) ,  w i t h  e x c e p t i o n s  as no ted  i n  t h e  
f o l l o w i n g  d e t a i l e d  d i s c u s s i o n .  

A .  HUMIDITY-FREEZING 

1 .  P rocedures  

T h i s  t e s t  s i m u l a t e d  h i g h  humidi ty  fo l lowed  by f r e e z i n g .  The pro- 
c e d u r e  was based on MIL-STD-202E, Method 106D, e x c e p t  t h a t  no v i b r a t i o n  
test gas i n c l u d e d .  The t e m p e r a t u r e  i n  t h e  chamber was c y c l e d  from ambient  
t o  65 C and 95% r e l a t i v e  humid i ty  t w i c e ;  then  t h e  t e m p e r a t u r e  was lowered t o  
- 1 0 ' ~  f o r  t h r e e  hours .  The test  was r e p e a t e d  f o r  a t o t a l  o f  10 c y c l e s .  
Modules were i n s t a l l e d  a lmos t  h o r i z o n t a l l y  i n  t h e  chamber. D r o p l e t s  o f  
condensed m o i s t u r e  were g e n e r a l l y  f r o z e n  o n t o  t h e  s u r f a c e  o f  t h e  modules. 

2.  Equipment and F a c i l i t i e s  

The s t a n d a r d  0.9m X 0.9m X 0.9m ( 3 '  X 3' X 3 ' )  env i ronmenta l  chambers 
used f o r  q u a l i f i c a t i o n  t e s t i n g  were s u i t a b l e  f o r  humidi ty  f r e e z i n g .  The 
o t h e r  equipment d e s c r i b e d  i n  S e c t i o n  I11 was used f o r  t h i s  test .  



B. SALT FOG 

1 .  Procedures  

The s a l t  fog  test  procedure used was MIL-STD-810C, Test Method 
509.1. Af t e r  suspending theornodules v e r t i c a l l y  i n  a test chamber, t he  
tempera ture  was r a i s e d  t o  35 C and t h e  humidity t o  95%. A concent ra ted  
s a l t  s o l u t i o n  was sprayed from an atomizing nozzle  i n t o  t h e  chamber 
con t inuous ly  f o r  two days. An e l e c t r i c a l  performance test was performed 
wi th in  one hour of  module removal from t h e  chamber. The . e l e c t r i c a l  t e s t  
was repea ted  two days l a t e r  after dryout .  

2 .  Equipment and F a c i l i t i e s  

The s a l t  fog chamber was a l a r g e  . t e s t  chamber l i n e d  with a non- 
c o r r o s i v e  p l a s t i c - f i b e r g l a s s  composite. An e x t e r n a l  tank conta ined  
concent ra ted  sodium c h l o r i d e  s o l u t i o n ,  which was drawn from t h e  tank by a 
pump and e j e c t e d  cont inuous ly  i n t o  t h e  chamber through an atomizer  nozzle .  
The s o l u t i o n  was not  r e c i r c u l a t e d  . 

C.  HARD R A I N  

1 .  Procedures  

The hard r a i n  test  s imulated a 40-mph (18  m/s) wind-driven r a i n  with 
an average d r o p l e t  s i z e  of 2 mm. No wind was used; water v e l o c i t y  was 
provided by d i scha rg ing  water under p re s su re  through nozz les .  I nd iv idua l  
modules were mounted on a motor-driven geared-down s h a f t  p a r a l l e l  t o  t h e i r  
long axes .  Three nozz les  mounted a t  var ious  ang le s  caused water impingement 
on t h e  modules from t h e  s i d e  and e ~ d s .  Shaf t  r o t a t i o n  provided exposure 
of  t h e  module t o  t h e  r a i n  from 360 - - f ron t ,  back, and edges.  The water 
was deionized and provided a t  a r a t e  of  about 20 l i t e r s h i n u t e  ( 5  gpm), a 
much h igher  r a t e  than t e r r e s t r i a l  r a i n f a l l .  F i f t e e n  minutes of  r a i n  
exposure were provided.  E l e c t r i c a l  performance t e s t i n g  was performed i n  
less than  one hour a f t e r  exposure.  (Note: Water flow was i nc reased  from 
20 t o  44 l/min and nozz les  from 3 t o  5 f o r  t h e  1.2m long Block I1 modules.) 

2. Equipment and F a c i l i t i e s  

The hard r a i n  equipment is shown i n  F igures  6 and 7. The f o u r  
d e i o n i z e r  t anks  shown i n  F igure  7 provided about 8,000 l i ters (2,000 
g a l l o n s )  before  they had t o  be exchanged f o r  f r e s h  tanks.  This  p o r t a b l e  
water supply s t a n d  was used f o r  both hard r a i n  and hea t - ra in  t e s t s .  Tap 
water  supply  t o  de ion ize r  t anks  was r egu la t ed .  



3. T e s t  C o n d i t i o n s :  

Minutes  o f  exposure  15 

S h a f t  R o t a t i o n  R a t e ,  rpm 5 

D r o p l e t  s i z e ,  avg . ,  mm 2 

Drop v e l o c i t y ,  avg'., m / s  18 

D .  HEAT-RAIN 

The t e s t  s i m u l a t e d  t h e  e f f e c t  o f  a sudden ha rd  r a i n  f a l l i n g  on 
modules p r e v i o u s l y  h e a t e d  by a c l e a r - d a y  sun  on a warm day.  

1. P rocedure  

The i n i t i a l  h e a t i n g  o f  t h e  modules cou ld  be done o u t d o o r s  i n  t h e  sun  
o r  i n d o o r s  under a lamp bank, a l t h o u g h  a l l  t e s t s  r e p o r t e d  h e r e  were done 
o u t s i d e .  

When h e a t e d  o u t d o o r s ,  t h e  t e s t  was l i m i t e d  t o  c l e a r ,  warm days  wi th  
low wind. The modules were mounted on a r a c k  which c o u l d  be t i l t e d  and 
r o t a t e d  manual ly  f o r  a p p r o x i m a t e l y  normal i n c i d e n c e  t o  t h e  sun .  Thermo- 
c o u p l e s  on t h e  back o f  each module were connected t o  a r e c o r d e r .  The 
modules were a l lowed  t o  warm i n  t h e  sun  t o  a  s t a b l e  t e m p e r a t u r e .  The r a i n  
was then  t u r n e d  on. The d e v i c e  s p r a y e d  t h e  modules w i t h  d e i o n i z e d  w a t e r  
a t  a  rate o f  o v e r  2.5 cm ( 1  i n c h )  p e r  hour .  A f t e r  t h e  modules r eached  a  
s t a b l e  t e m p e r a t u r e ,  t h e  w a t e r  was t u r n e d  o f f .  The c y c l e  was r e p e a t e d  a 
t o t a l  o f  f i v e  times. 

2 .  Equipment and F a c i l i t i e s  

Outdoor equipment used f o r  t h i s  t e s t  is  shown i n  F i g u r e  7 and 
d e s c r i b e d  i n  P a r a g r a p h  C-2. The a l t e r n a t i v e  i n d o o r  h e a t e r  is  d e s c r i b e d  
i n  Paragraph  E-2. 

T h i s  t e s t  was des igned  t o  s i m u l a t e  t h e  e f f e c t  o f  a c l e a r ,  b r i g h t  sun  
upon a module f o l l o w i n g  a p e r i o d  o f  h i g h  humid i ty  and /o r  r a i n .  

1 .  Procedure  

The modules were s u b j e c t e d  o v e r n i g h t  t o  h i g h  humid i ty  i n  a  chamber 
a t  40.5 '~.  Chamber t e m p e r a t u r e  was reduced t o  ambien t ,  and t h e  modules 
were t h e n  q u i c k l y  p u t  on a r a c k  under  a n  overhead lamp a r r a y .  The lamps 
were t u r n e d  on.  Lamp i r r a d i a n c e  l e v e l  was prede te rmined  t o  a c h i e v e  max- 
imum module t e m p e r a t u r e  t y p i c a l  i n  a f i e l d  i n s t a l l a t i o n  a t  f u l l  sun  on a  
w a r m  day. Modules were a l lowed  t o  r e a c h  a s t a b l e ' t e m p e r a t u r e  on t h i s  r ack .  




