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ABSTRACT 

As p a r t  of t h e  J e t  P ropu l s ion  L a b o r a t o r y ' s  Low- 
Cost S i l i c o n  S o l a r  Array P r o j e c t ,  t e s t  methods have 
been eva lua t ed  and procedures  developed f o r  t e s t i n g  
pho tovo l t a i c  f l a t - p l a t e  s o l a r  c e l l  modules f o r  r e s i s -  
tance t o  impact by h a i l  s t o n e s .  T e s t i n g  has  i nc luded  
the use  of s imu la t ed  h a i l  s t o n e s  ( f r o z e n  i c e  sphe re s  
Projec ted  a t  t e r m i n a l  v e l o c i t y ) ,  s t e e l  b a l l s ,  and 
other p r o j e c t i l e  t ypes  a p p l i e d  w i t h  t h r e e  l oad ing  
methods: a i r  guns ,  g r a v i t y  drop,  and s t a t i c  l oad ing .  
Results a r e  p re sen ted  t h a t  compare t h e  advantages  and 
disadvantages  of t h e  t h r e e  t e s t  methods. Dropped- 
s t e e l - b a l l  t e s t s  a r e  shown t o  e x h i b i t  l i t t l e  co r r e -  
l a t i o n  w i t h  h igh -ve loc i ty  i c e - b a l l  t e s t s ,  whereas 
s t a t i c a l l y  loaded s t e e l  b a l l s  a r e  shown t o  c o r r e l a t e  
f a i r l y  w e l l  w i t h  i c e - b a l l  t e s t s .  R e s u l t s  a r e  a l s o  
Presented on t h e  h a i l  impact s t r e n g t h  of t e n  commer- 
c i a l l y  a v a i l a b l e  f l a t - p l a t e  p h o t o v o l t a i c  modules. I n  
genera l ,  t h e  module des igns  a r e  shown t o  be  capab le  
Of Withstanding h a i l  up t o  1 i n .  d i ame te r .  Pre-  
sent g l a s s  modules a r e  found t o  be  s l i g h t l y  more 

rugged than  modules w i t h  s i l i c o n e  rubbe r  f r o n t  
s u r f a c e s ,  b u t  n o t  a s  rugged a s  modules made from 
a c r y l i c  s h e e t .  The c r i t i c a l  f a i l u r e  mechanism qf 
each module t ype  is  explored and means f o r  improving 
t h e  h a i l  r e s i s t a n c e  of f u t u r e  modules a r e  desc r ibed .  

INTRODUCTION 

Though s o l a r  p h o t o v o l t a i c  a r r a y s  have been used 
f o r  many y e a r s  a s  a  primary sou rce  of power f o r  space  
v e h i c l e s ,  t h e  t e r r e s t r i a l  u s e  of p h o t o v o l t a i c s  has  
come i n t o  prominance on ly  w i t h i n  t h e  l a s t  couple  of 
y e a r s .  I n  suppor t  of decreased dependence on ou r  
l i m i t e d  f o s s i l  and n u c l e a r  f u e l  s u p p l i e s ,  t h e  U.S. 
Department of Energy has  an  a c t i v e  program t h a t  
add res ses  t h e  g r e a t l y  expanded development and u t i l i -  
z a t i o n  of t e r r e s t r i a l  p h o t o v o l t a i c  systems. A  major 
p a r t  of t h e  Na t iona l  P h o t o v o l t a i c  Program i s  cen te red  
a t  t h e  J e t  P ropu l s ion  Labora to ry ,  and i s  r e f e r r e d  t o  
a s  t h e  Low-Cost S i l i c o n  S o l a r  Array (LSSA) P r o j e c t .  
One a s p e c t  of t h e  LSSA P r o j e c t  i nvo lves  t h e  a n a l y s i s  
of t h e  c u r r e n t  s t a t e  of t e r r e s t r i a l  p h o t o v o l t a i c  
technology and t h e  development of f u t u r e  a r r a y  
requirements .  

U n t i l  r e c e n t l y ,  h a i l  was recognized a s  a n  
environment t h a t  must be  considered  i n  t h e  des ign  of 
s o l a r  a r r a y s ,  b u t  was g e n e r a l l y  considered  of low 
p r i o r i t y .  With t h e  development of t h e  l a r g e s t  photo- 
v o l t a i c  sys tem t o  d a t e ,  (25 kW) i n  Mead, Nebraska,  
and an  even l a r g e r  system (250 kW) i n  p rog res s  f o r  
t h e  M i s s i s s i p p i  County Community Co l l ege  i n  Arkansas 
(both  s e v e r e  h a i l  a r e a s ) ,  i nc reased  impor tance  has  
been p l aced  on t h e  damage p o t e n t i a l  of h a i l .  I n  
response  t o  t h i s  impor tance ,  a  p o r t i o n  of t h e  engi-  
n e e r i n g  a c t i v i t i e s  of t h e  LSSA P r o j e c t  have been 
d i r e c t e d  a t  unders tanding t h e  h a i l  environment and 
d e f i n i n g  environmenta l  des ign  c r i t e r i a  i n c l u d i n g  
q u a l i f i c a t i o n  t e s t  procedures .  Review of t h e  a v a i l -  
a b l e  l i t e r a t u r e  and d i s c u s s i o n s  w i t h  numerous spe- 
c i a l i s t s  i n  t h e  f i e l d  of h a i l  have i n d i c a t e d  a  l a c k  
of d a t a  c h a r a c t e r i z i n g  t h e  h a i l  environment and a  
l a c k  of h a i l  de s ign  c r i t e r i a  and t e s t  s t a n d a r d s .  As 
a  r e s u l t ,  a  four-phased e f f o r t  was conducted w i t h  
t h e  fo l lowing  o b j e c t i v e s :  

(1) Def ine  t h e  h a i l  r e s i s t a n c e  o f  c u r r e n t  
p h o t o v o l t a i c  module d e s i g n s .  

( 2 )  Def ine  des ign  changes and c o s t s  a s s o c i a t e d  
w i t h  improving module h a i l  r e s i s t a n c e .  

(3)  Develop h a i l  t e s t i n g  procedures  a p p r o p r i a t e  
f o r  envi ronmenta l  q u a l i f i c a t i o n  t e s t s .  

( 4 )  C h a r a c t e r i z e  t h e  n a t u r a l  h a i l  environment.  

(5) Explore  t h e  l i f e - c y c l e  c o s t  e f f e c t i v e n e s s  
o f  v a r i o u s  deg rees  of h a i l  r e s i s t a n c e  t o  
s u p p o r t  t h e  d e f i n i t i o n  of a p p r o p r i a t e  
d e s i g n  c r i t e r i a .  

Th i s  pape r  d e s c r i b e s  t h e  p re l imina ry  r e s u l t s  
a s s o c i a t e d  w i t h  t h e  f i r s t  t h r e e  o b j e c t i v e s  l i s t e d  
above. A  companion paper  p r e s e n t s  t h e  r e s u l t s  of t h e  
s tudy  c h a r a c t e r i z i n g  t h e  n a t u r a l  h a i l  environment 
(Refs .  1 and 2 ) .  The l i f e - c y c l e  c o s t  a n a l y s e s  a r e  
p r e s e n t l y  i n  work and w i l l  be  t h e  s u b j e c t  of a  
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HAIL IMPACT SIMULATION 

in sinlulating impact phenomena, the weight, 
velocity, material properties (hardness, strength, 
stiffness, etc.), and geometry of both target and 
projectile are important, To establish the hail 
impact strength of current commercially available 
photovoltaic panels it was decided, therefore, to 
duplicate all of the above parameters as closely as 
possible by impacting molded ice spheres on actual 
solar panels at velocities corresponding to the 
terminal velocity of naturally occurring hail. The 
question of whether a molded ice sphere adequately 
simulates naturally occurring hail remains. 

Of 10 Illinois hail storms studied by Changnon 
(Ref.3), 5 were accompanied by winds in the SW-NW 
quadrant, while 5 were accompanied by winds in the 
NW-NE quadrant, the median wind direction being NW. 
Photovoltaic solar panels are generally installed at 
30 to 45 deg to the horizontal with southern expo- 
sure. If most hail is accompanied by northerly 
winds, the panels will receive only glancing blows. 
On the other hand, if the hailstones come from the 
south borne by a wind whose velocity is equal to the 
vertical terminal velocity of the hailstones, the 
hailstones will have a velocity 1.414 times their 
vertical terminal velocity. The kinetic energy of 
these hailstones will be twice that of the same 
hailstones in still air. They will impact normal to 
the surface of a solar panel tilted 45 deg to the 
horizon. From the standpoint of hail damage risk to 
photovoltaic solar panels, then, northerly winds 
will tend to decrease damage and southerly winds 

Object Iiameter, in. 

, i i l . S .  inircdai- damage. A i ~ o i d i r r g  1 1 1  i.4 &cons';iva"iisri,, 
we decided to impact the panels normal to their sur- 
face with simulated hailstones at still air terminal 
velocities. 

Table 1 glves the we1 ghL, ~ r l i l ~ i a a i  u e l u c ~ c ~ ,  
kjnetic energy, and momentum for hailstones ranging 
ln size from 0.50 to 3.00 in. diameter. To con- 
struct this table, the comnonlv repor~ed value of 
0.9 g/cc is caken as the density of hail. The ter- 
minal velocities, VT, are obtained from equation 1, 
below, which is readily derived by equating the 
weight and aerodynamic drag of a sphere. 

where 

Table 1. Weight, velocity, and kinetic energy of hailstones and other objects 

1 ' Weight, lb 

CD = drag coefficient of sphere 

d = diameter of hailstone 

g = acceleration of gravity 

pA = density of air 

pH = density of hail 

The velocities so obtained, taking CD = 0.47, are 
slightly higher than those reported by Friedman 
(Ref. 4). To put this information in perspective, 
the same quantities are reported for several famil- 
iar sports balls, human propelled, at world record 
speeds. 

Examination of Table 1 shows that while the 
diameter of the hailstones shown (0.5 to 3.0 in.) 
varies by a factor of 6, the weight varies by a 

Hails tone I 
Rails t one I 
Hails tone I 
Hailstone 1 
Hailstone 

Hailstone 

Hailstone 

Hailstone I 
Baseball 
(Refs. 8, 9) 

Softball 
(Ref. 8) 

Tennisball 
(Refs. 10, 11) 

a ~ h r o m  by iqolan Ryan. 

b ~ l ~ r ~ ~ ~ n  by Eddie Feigner. 

L~erved by Scott Carnahan. 

Terminal Velocity, mph 
-.. 

36.4 

44.6 

51.5 

57.5 

63.0 

72.8 

81.3 

89.1 

l0la 

-- 

Kinetic Energy, f t-lb Yomentum, lb-s 



f a c t o r  of over  100, and t h e  l i ineLic energy by a 
; a c to r  of n e a r l y  1500. Alsri nore thzt '1 in, dicumier  
h ~ i l s t o n e s  have on ly  about  one-four th  t h e  k i n e t i c  
energy of the human propel . l sd  o b j e c t s  shown. 

SINIJLATED HAIL, IPIPACT TEST APPARA'CUS 

The appa ra tus  used t o  manufacture  h a i l s t o n e s  
and p r o j e c t  them a t  t h e  p h o t o v o l t a i c  s o l a r  p a n e l s  i s  
s i m i l a r  t o  t h a t  used by o t h e r  i n v e s t i g a t o r s  ( R e f s ,  5 ,  
6 ,  and 7 ) .  Th i s  equipment c o n s i s t s  of s imu la t ed  
h a i l s t o n e  molds, a  f r e e z e r ,  a  pneumatic gun, and a  
v e l o c i t y  measuring system. 

The mold f o r  making i c e  sphe re s  was o b t a i n e d  
from a  p rev ious  JPL program (Ref.  5) of t h e  mid 
1960s where h a i l  impact on an t enna  r e f l e c t i n g  s u r -  
f a c e s  was s t u d i e d .  This  mold, shown i n  F i g .  1, h a s  
a  hemisphe r i ca l  c a v i t y  of t h e  a p p r o p r i a t e  s i z e  i n  
each of t h e  aluminum mold h a l v e s .  The mold i s  
opened, a  p i e c e  of i c e  somewhat l a r g e r  t han  t h e  
d e s i r e d  h a i l s t o n e  i s  i n s e r t e d ,  and a  combinat ion  of 
h e a t  and p r e s s u r e  i s  used t o  mold t h e  i c e  i n t o  a  
sphere  a s  t h e  mold i s  c l o s e d .  Immediately a f t e r  
forming, t h e  i c e  b a l l  i s  p l aced  i n  a  f r e e z e r  where 
they a r e  " s t a b i l i z e d "  a t  18OF f o r  a  minimum of 8 
hours  p r i o r  t o  u se .  The u s e f u l  l i f e  of t h e  i c e  
b a l l s  s t o r e d  i n  t h i s  manner i s  l e s s  t h a n  a week due 
t o  sub l ima t ion .  Greenfe ld  (Ref.  6 )  and Smith (Ref.  
7 )  u se  c a s t i n g  t echn iques  t o  form t h e  i c e  s p h e r e s ,  
bu t  t h e  i c e  b a l l s  a r e  s t o r e d  i n  t h e  same manner. 

A pneumatic gun, shown i n  F i g .  2 ,  was con- 
s t r u c t e d  t o  f i r e  t h e  s imu la t ed  h a i l s t o n e s  a t  t h e  
s o l a r  pane l s .  To s i m p l i f y  a iming,  t h e  gun f i r e s  
v e r t i c a l l y  upward a t  t h e  t a r g e t  s o l a r  p a n e l  which 

i s  : , ; ou~ ted  overlieail, The gun consSs t s  o i  2: Largi-. '- ' ft") .- 
L .. ~ e s e r w l ~ :  , w i i i ~ h  is pcepresru~ ' - [ re ;  w . j . t i i  

compressecl a i r  t o  t h e  d e s i r e d  f i r i n ?  pressltre; k i ~  
opening i n  t h e  t op  of t h e  tank is equipped ~ r i ' i h  ; 

, . 
l a r g e ,  f a s t -open ing  s o l e n o i d  v a l v e ,  In terchar igeaoia  
b a r r e l s  f o r  t h e  v a r i o u s  h e i l s t o n e  si..?es a r e  f i t t e d  
d i r e c t l y  t o  t h i s  v a l v e .  The b a r r e l s  a r e  3 f t  E m g  
and c o n s t r u c t e d  of s t anda rd  p i p e .  I n  o p e r a t i o n ,  an  
i c e  b a l l  s l i g h t l y  l a r g e r  t han  t h e  b a r r e l  bo re  i s  
p l aced  a t  t h e  muzzle ( t op )  of t h e  b a r r e l .  Eie l t ing  
and g r a v i t y  cause  t h e  i c e  b a l l  t o  f a l l  g e n t l y  t o  t h e  
breech (bottom) of t h e  b a r r e l  a t  which t ime t h e  
f a s t -open ing  v a l v e  i s  opened, admi t t i ng  t h e  com- 
p re s sed  a i r  t o  t h e  b a r r e l  and p r o p e l l i n g  t h e  i c e  
b a l l  v e r t i c a l l y  upward a t  t h e  t a r g e t .  To v e r i f y  
t h a t  t h e  s imu la t ed  h a i l s t o n e s  ach ieve  t h e  d e s i r e d  
v e l o c i t y ,  a  p h o t o - e l e c t r i c  v e l o c i t y  measuring sys tem 
is  i n s t a l l e d  between t h e  muzzle of t h e  gun and t h e  
t e s t  a r t i c l e .  

DESCRIPTION OF PANELS TESTED 

I n  g e n e r a l ,  a  t e r r e s t r i a l  p h o t o v o l t a i c  s o l a r  
pane l  c o n s i s t s  of an  a r r a y  of t h i n  s i l i c o n  s o l a r  
c e l l s  e l e c t r i c a l l y  connected i n  v a r i o u s  s e r i e s /  
p a r a l l e l  combinat ions  t o  p rov ide  t h e  d e s i r e d  ou tpu t  
v o l t a g e .  The c e l l s  a r e  encapsu la t ed  i n  a  d i e l e c t r i c  
t o  i s o l a t e  them e l e c t r i c a l l y  and t o  p r o t e c t  them 
from t h e  e l emen t s .  I n  a d d i t i o n ,  some means i s  
r e q u i r e d  t o  s u p p o r t  t h e  c e l l s  under t h e  environmenta l  

Fig. 2 .  Pneumatic h a i l  gun 



l o a d s .  A to ta l .  of 10  commercially a v a i l a b l e  p a n e l  
d e s i g n s  from 5  manufac tu re r s  were  t e s t e d .  I n  some 
c a s e s ,  more than  1 p a n e l  of a  g iven  d e s i g n  was t e s t e d .  

T i  1 g u r e  3 si?iiws che 10 p a n e l s  t e s t e d ,  and a  b r i e f  
p h y s i c a l  d e s c r i p t i o n  of t h e  pane l s  i s  provided i n  
Table  2 .  

Some a d d i t i o n a l  d i s c u s s i o n  of t h e  s a l i e n t  d e s i g n  
f e a t u r e s  of t h e s e  modules i s  cons ide red  neces sa ry  t o  
b e t t e r  unde r s t and  t h e  f a i l u r e s  r e s u l t i n g  from t h e  
s imu la t ed  h a i l  impact r e p o r t e d  l a t e r .  S o l a r  pane l  
Type A I ,  which employs a c r y l i c  s h e e t s  t o p  and bottom 
t o  s u p p o r t  t h e  c e l l s  and p r o t e c t  them from t h e  e l e -  
ments,  d i d  no t  employ a n  encapsu lan t  pe r  s e .  The 
c e l l s  were bonded t o  t h e  bottom s h e e t  of a c r y l i c  and 
t h e  top  s h e e t  of a c r y l i c  was i n s t a l l e d  w i t h  a n  a i r  
space  between t h e  top  and bottom a c r y l i c  s h e e t s ,  b o t h  
being h e l d  i n  an  ex t ruded  aluminum frame.  Type BIIK 
i s  essent3 .a l ly  a  m o d i f i c a t i o n  of Type BI I  i n  which a  
0.125-in. tempered g l a s s  cover  s h e e t  i s  bonded over  
t h e  t o p  of t h e  s i l i c o n e  encapsu lan t .  

Note t h a t  Type BIIK, E I ,  and E I I  a r e  t h e  on ly  
d e s i g n s  t e s t e d  t h a t  employ g l a s s  a s  p a r t  of t h e  
s u p e r s t r a t e  and/or  ancapsu lan t  system. Types BIIK 
and EI a r e  s i m i l a r  t o  t h e  e x t e n t  t h a t  they employ a  
g l a s s  s u p e r s t r a t e  i n  a d d i t i o n  t o  an  aluminum sub- 
s t r a t e .  Type E I I  employs a  0.125-in. annealed  g l a s s  
s u p e r s t r a t e  a s  t h e  s o l e  means of c e l l  s u p p o r t ,  
a l t hough  an aluminum frame and rubbe r  g a s k e t  a r e  
employed t o  suppor t  t h e  g l a s s  p a n e l  around i t s  
pe r iphe ry .  

HAIL IMPACT RESISTANCE OF PANELS 

Tab le  3 summarizes t h e  r e s u l t s  of impact ing  
molded i c e  sphe re s  on t h e  s o l a r  pane l s  a t  v e l o c i t i e s  
corresponding t o  t h e  t e r m i n a l  v e l o c i t i e s  of n a t u r a l l y  
o c c u r r i n g  h a i l .  The heavy v e r t i c a l  l i n e s  i n  Table  3 
demark t h e  h a i l  impact r e s i s t a n c e  of a  g iven  p a n e l  
t ype .  Examination of t h e  t a b l e  shows t h a t  t h e  h a i l  
performance of s o l a r  p a n e l s  i s  l a r g e l y  a  f u n c t i o n  of 
t h e  m a t e r i a l  used f o r  t h e  outermost  l a y e r .  No p a n e l  
des ign  u t i l i z i n g  a  c l e a r  s i l i c o n e  p o t t i n g  a s  t h e  
outermost  l a y e r  proved capab le  of w i t h s t a n d i n g  l - i n .  
d iameter  s imu la t ed  h a i l s t o n e s  w i thou t  c e l l  c r ack ing .  
Two types  u s ing  annealed  g l a s s  a s  t h e  outermost  l a y e r  
were capab le  of w i th s t and ing  l - i n .  d i ame te r  s imu la t ed  
h a i l s t o n e s ,  b u t  t h e  g l a s s  was broken under t h e  impact  
of 1-1/4-in.  d iameter  h a i l s t o n e s .  Two o t h e r  d e s i g n s ,  
one i n c o r p o r a t i n g  0 .10 - in . - t h i ck  a c r y l i c ,  t h e  o t h e r  
0 .125- in . - th ick  tempered g l a s s  w i ths tood  1-1/4- in . ,  
bu t  n o t  1-1/2-in. ,  d i ame te r  s imu la t ed  h a i l s t o n e s .  

F i g u r e  4 shows t h e  damage t o  a  Type B I I  s o l a r  
p a n e l  a t  t h e  impact s i t e  of a  1 .61- in .  d i ame te r  molded 
i c e  s p h e r e  t r a v e l i n g  a t  70 mph. The damage shown i s  
f a i r l y  t y p i c a l  of t hose  module d e s i g n s  t h a t  employ a  
s i l i c o n e  rubbe r  t op  s u r f a c e  encapsu lan t .  The c e l l  i s  
e x t e n s i v e l y  cracked,  b u t  even though t h e  aluminum 
s u b s t r a t e  i s  deformed, t h e  s i l i c o n e  encapsu lan t  i s  
i n t a c t  and adhe ren t .  F i g u r e  5  shows t h e  damage t o  a  
Type E I I  s o l a r  pane l  a t  t h e  impact s i t e  of a  1 .Gl- in .  
d iameter  s imu la t ed  h a i l s t o n e  t r a v e l i n g  a t  70 mph. 
Again, t h i s  t ype  of damage i s  t y p i c a l  of p a n e l  t ypes  
i nco rpo ra t ing  annealed  g l a s s  a s  t h e  olt termost s u r f a c e  
(Types EI and EII). Note t h a t  t h e  c e n t e r  of impact 
i s  nea r  t h e  edge of t h e  p a n e l .  The g l a s s  p a n e l s  were 
foiia? to  be much n o r c  prone  t o  f a i l u r e  whan impacted 
clear tha  edge.  The f a i l u r e  of t ype  B I I K ,  vh i ch  
i n c o r p o r a t e s  a  tempered g l a s s  s u p e r s t r a t e  i s  ve ry  
; i rn i l s r  ito t h e  a i~i lea led  glass t y p e s ,  er.cep t iri~at 

Block I Pmelr 

Block II Ponds 

Fig .  3 .  Commercially a v a i l a b l e  p h o t o v o l t a i c  pane l s  

t h e  g l a s s  s h a t t e r s  ove r  t h e  e n t i r e  s u r f a c e  of t h e  
pane l .  

High-speed Movies of Simula ted  H a i l s t o n e  Impact 

I n  an  e f f o r t  t o  b e t t e r  unde r s t and  t h e  f a i l u r e  
mechanisms i n v o l v e d ,  high-speed mot ion p i c t u r e s  were 
made of i c e  b a l l s  impact ing  v a r i o u s  pane l s .  Using a  
Pas t ax  camera and a  frame r a t e  of approximate ly  4500 
p e r  s econd ,  i t  was p o s s i b l e  t o  s t u d y  t h e  i c e  b a l l  
f r a c t u r e  p a t t e r n s  a t  i n t e r v a l s  of approximate lv  
200 u s .  

The camera used expended 100 f t  of f i l m  a t  each 
o p e r a t i o n ,  w i t h  u s e f u l  d a t a  u s u a l l y  occupying about 
10  f t  of f i l m .  A t o t a l  of 2 4  o p e r a t i o n s  were made 
w i t h  t h r e e  camera m a l f u n c t i o n s .  The u s e f u l  f i l m  
o b t a i n e d  was e d i t e d ,  t i t l e d ,  and s t o r e d  on a s i n g l e  
400-f t  r e e l  t o  s i m p l i f y  hand l ing  and viewing.  

Revi.ew of t h e  d a t a  on t h i s  r e e l  s h o w  a  g r e a t  
v a r i e t y  of f a i l u r e  mechanisms f o r  t h e  21 i c e - b a l l  
impacts  r eco rded .  I n  some c a s e s ,  t h e  i c e  b a l l  
mere ly  bounced away from t h e  p a n e l  i t  s t r u c k ,  i n  
o t h e r s  i t  b roke  i n t o  a  few l a r g e  p i e c e s  a f t e r  impact,  
and i n  o t h e r s  i t  b roke  i n t o  hundreds of sma l l  p i eces .  
The of i n t r - z e s t  were en l a rged  and s t u d i e d .  
Fiwi:e 6 shows t h e  e x t ~ e m e s  of i c e  h a l l  f r a c t u r e s  
.,I?. s v e d  . 



Tab le  2. Flechanical  des ign  f e a t u r e s  of p h o t o v o l t a i c  p a n e l s  t e s t e d  

O v e r a l l  
d imensions ,  

16 .3  x 
12 .9  x 

T o p s u r f a c e  
m a t e r i a l  

0.10-in.  
a c r y l i c  
s h e e t  

Encapsulanl 

None 

I I 

22.5 x S i l i c o n e  S i l i c o n e  

::t4 " I p o t t i n g  p o t t i n g  

20.0 x I S i l i c o n e  I S i l i c o n e  
p o t t i n g  p o t t i n g  

0.19 I 
2 2 . 9  x I S i l i c o n e  I S i l i c o n e  

p o t t i n g  p o t t i n g  
1 . 8  

24.0 x S i l i c o n e  S i l i c o n e  
1 4 . 8 ~  1 p o t t i n g  1 p o t t i n g  
0.25 

I I 

46.0 x S i l i c o n e  S i l i c o n e  
15.3  x I p o t t i n g  / p o t t i n g  
1 . 9  

22.9 x 0.12-in.  S i l i c o n e  
11 .4  x tempered p o t t i n g  
1 . 8  g l a s s  

26 .1  x 0.09-in.  S i l i c o n e  
4.9 x annealed  p o t t i n g  
2 . 7  g l a s s  

46.0 x 

g l a s s  and Mylar 
f i l m  

0.10-in.  Aluminum 
a c r y l i c  e x t r u s i o n  
s h e e t  w i t h  rubbe-  

g a s k e t  

Aluminum 
e x t r u s i o n  
i n t e g r a l .  
s t i f f e n e r s  

Stamped 
aluminum 
pa'-' 
i n t e g r a l  
s t i f f e n e r s  

None 

F i b e r g l a s s  None 
s h e e t  

F i b e r g l a s s  iJelded 
s h e e t  aluminum 

e x t r u s i o n s  

F i b e r g l a s s  None 
s h e e t  

Molded None 
f i b e r g l a s s  
i n t e g r a l  
s t  i f f  e n e r s  

Stamped None 
aluminum 
Pan 
i n t e g r a l  
s t i f f e n e r s  

Aluminum None 
e x t r u s i o n  
i n t e g r a l  
s t i f f e n e r s  

None Aluminum 
e x t r u s i o n  
wi th  rubbei 
g a s k e t  

Bas ic  c o n s t r u c t i o n  
c r o s s - s e c t i o n a l  s k e t c h  

S o l a r  c e l l  

A c r y l i c  s h e e t  

/ -Clear s i l i c o n e  

A ~ l u r n i n u m  o r  
f i b e r g l a s s  
s u b s t r a t e  

/ G l a s s  

C lea r  si! i cone  
ruhber  n o t r i n g  

L A l u m i n u m  
s u b s t r a t e  

S o l a r  c e l l  

L N y l a r  f i l m  

PROCEED 1 NGS - Institute of Environmental Sciences 



Table  3. ;~bserved &mag+ t o  p h o t o v o l t a i c  s o l a r  pan&!s due %I? impact  of s imu la t ed  h a i l s c o n e s  
-.-- - -- 

-Ton7 
- 

H a i l s t o n e  d i ame te r  ,a  i n . ,  a t  v e l o c i t v ,  mph 

s u r f a c e  j zi;: 1- 
m a t e r i a l  0.49 a t  33 

Punc t u r  ed 
top  of 

o damage a c r y l i c  
A c r y l i c  
s h e e t  40  damage 

S l i g h t  c e l l  
c r ack ing  13 I 

P 

B I I  

- 

C I 

C I I  

D I 

Si l - icone  
p o t t i n g  

i p p r e c i a b l e  
: e l l  c r ack ing  

x t e n s i v e  Ex tens ive  
e l l  c r ack ing  c e l l  c r ack ing  

S l i g h t  c e l l  
S i l i c o n e  
p o t t i n g  

2 of 9 h i t s  

x t e n s i v e  Ex tens ive  

um pan num pan 

p p r e c i a b l e  
e l l c r a c k i n  

k t e n s i v e  
: e l l  c r ack ing  

S l i g h t  c e l l  
c r a c k i n g ,  
1 of 4  h i t s  

p p r e c i a b l e  
e l l c r a c k i n g ,  

of 5 h i t s  
1 6/14/771 

p o t t i n g  

Ex tens ive  c e l l  1 6 1 4 7 7 1  
S i l i c o n e  

S l i g h t  c e l l  
c r ack ing  

o  damage 

p o t t i n g  1 1 
S l i g h t  c e l l  
c r ack ing  

p p r e c i a b l e  
e l l  c racking 

S l i g h t  c e l l  
c r a c k i n g ,  
3 of 5 h i t s  

o  damage 

p o t t i n g  

9 /26/77 o  damage S l i g h t  c e l l  
c r ack ing  

Dents i n  
s i l i c o n e ;  
s l i g h t  c e l :  
c r ack ing  

3ents  i n  
s i l i c o n e ;  
s p p r e c i a b l e  
c e l l  c r ack ing  

Dents  i n  s i l i -  
e n t s  i n  Dents i n  cone: e x t e n s i v e  
i l i c o n e :  
x  t ens  i v e  

c e l l  c r ack ing ;  
e x t e n s i v e  

e l l  c r ack ing  c e l l  c r ack ing  
punctured fiber-  
g l a s s  s u b s t r a t e  

S i l i c o n e  
p o t t i n g  

D I I  

- 

3 I I R  

No damage: 
2 h i t s ;  
s h a t t e r e d  
g l a s s :  1 h i t  

Ro damage o  damage 

No damage: 1 h i t  
No damage: s h a t t e r e d g l a s s  
2 h i t s  1 h i t  3 .5  i n .  

from edge 

No damage 
Broke g l a s s ,  

No damage 2 of 3 h i t s  

Annealed 
No damage 

lo damage No damage 

&The. d i ame te r s  shown a r e  t h e  ac tu .a l  d i ame te r s  of t h e  s imu la t ed  h a i l s t o n e s ;  nominal d i ame te r s  a r e  used 
e lsewhere  i n  t h i s  r e p o r t .  

 he heavy v e r t i c a l  l i n e s  i n d i c a t e  t h e  approximate  e x t e n t  of t h e  hail impact s t r e n g t h  of a  g iven  des ign .  ------ 
QC E E D I N GS - Institute of Envirsnmentol sciences 
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F i g .  4 .  S i l i c o n e  rubbe r  t o p  s u r f a c e  (Pane l  
Type BI I )  - impact s i t e  of 1 .61- in .  
diameter170 mph s imu la t ed  h a i l s t o n e  

I n  one c a s e ,  t h e  i c e  b a l l  bounced o f f  a  p a n e l  
whose top  s u r f a c e  l a y e r  was s i l i c o n e  r u b b e r .  I n  t h e  
second c a s e ,  t h e  s imu la t ed  h a i l s t o n e  was s h a t t e r e d  
on impact w i t h  a  g l a s s  pane l .  I n  o n l y  t h r e e  of t h e  
21 impacts  f i lmed  d i d  t h e  s imu la t ed  h a i l s t o n e  remain 
i n t a c t ;  a l l  t h r e e  were  1 .05- in .  d i ame te r  s imu la t ed  
h a i l s t o n e s  t r a v e l i n g  a t  55 mph t h a t  impacted p a n e l s  
whose t o p  l a y e r  was s i l i c o n e  rubbe r .  The f a c t  t h a t  
t h e  b a l l  bounced back is  i n d i c a t i v e  of h igh  peak 
f o r c e  a t  t h e  h a i l s t o n e / p a n e l  i n t e r f a c e .  Ana lys i s  
of t h e  photographs  of bo th  bouncing and c rush ing  
b a l l s  i n d i c a t e s  t h a t  t h e  h a i l s t o n e  d e c e l e r a t i o n  i s  
complete approximate ly  0 .001  s fo l lowing  impact .  When 
the  h a i l s t o n e  bounces,  i t  i s  known t h a t  t h e  e n t i r e  
i c e  b a l l  d e c e l e r a t e s  s imu l t aneous ly ,  and thus  t h a t  
t h e  peak f o r c e  reached was g r e a t e r  t h a n  w i t h  a  
crushed b a l l ,  where t h e  d e c e l e r a t i o n  g r a d u a l l y  pro- 
gressed from t h e  l e a d i n g  s u r f a c e  t o  t h e  b a l l  r e a r .  

The peak f o r c e  gene ra t ed  i s  cons ide red  t h e  
c r i t i c a l  parameter  f o r  t h o s e  modules w i t h  s i l i c o n e  
rubber  f r o n t  s u r f a c e s .  With t h e s e  modules,  t h e  c e l l  
i s  c rushed between t h e  h a i l s t o n e  and t h e  module sub- 
s t r a t e  t h a t  s u p p o r t s  t h e  c e l l .  C e l l s  were  found t o  
be p a r t i c u l a r l y  v u l n e r a b l e  when t h e  s u b s t r a t e  d i d  
no t  p rov ide  uni formly r i g i d  s u p p o r t ,  a s  when v o i d s  
o r  l a y e r s  of s i l i c o n e  rubbe r  g r e a t e r  t han  s e v e r a l  
thousandths  of an  i n c h  lrhick e x i s t e d  below a  c e l l .  
Design f e a t u r e s  r e s u l t i n g  i n  t h i s  c o n d i t i o n  i n c l u d e :  

(1)  A co r roga ted  s u b s t r a t e  des igned t o  enhance 
s u b s t r a t e  bending s t i f f n e s s  , b u t  l ead ing  
to a  goo \ r ed  s u b s t r a t e  s u r f s c e .  

F i g .  5.  Annealed g l a s s  t op  s u r f a c e  (Panel 
Type E I I )  - impact s i t e  of 1 .61- in .  
d iameter170 mph s imu la t ed  h a i l s t o n e  

(2 )  P r o j e c t i o n s  on t h e  r e a r  s u r f a c e  of t h e  
c e l l s  a s s o c i a t e d  w i t h  t h e  a t t achmen t  of 
t h e  r e a r  e l e c t r i c a l  c o n t a c t s  o r  e x c e s s i v e  
s o l d e r  bu i ldup .  

( 3 )  Moderate l a y e r s  of s i l i c o n e  rubbe r  beneath  
t h e  c e l l  t o  p rov ide  e l e c t r i c a l  i s o l a t i o n  
and /o r  t o  p rov ide  f o r  d i f f e r e n t i a l  thermal  
expansion.  

Un l ike  t h e  s i l i c o n e  rubbe r  p a n e l s ,  t h e  g l a s s  i n  
t h e  g l a s s  p a n e l s  is  t h e  c r i t i c a l  e l emen t ,  n o t  t h e  
s o l a r  c e l l s .  I t  h a s  been determined t h a t  t h e  f a i l -  
u r e  i s  i n i t i a t e d  w i t h i n  200 us  of f i r s t  c o n t a c t  ( i t  
occu r s  i n  t h e  f i r s t  movie frame showing impac t ) .  
The f a i l u r e  mechani.sm has  been i d e n t i f i - e d  a s  l o c a l  
p l a t e  bending where t he  c r ack  i n i t i a t e s  on t h e  back 
s i d e  of t h e  g l a s s ,  a s  opposed t o  H e r t z i a n  c racks  
t h a t  i n i t i a t e  a t  t h e  c o n t a c t  s u r f a c e  and form t h e  
c h a r a c t e r i s t i c  c o n i c a l  f r a c t u r e .  As no ted  i n  Table  
3 ,  t h e  u s e  of tempered g l a s s  provided some impi-ove- 
ment i n  impact s t r e n g t h .  

I n  a d d i t i o n  t o  t h e  h a i i  impact t e s t i n g  and t h e  
n u a l i  t s t i - v e  remarks recorded ohove yei-ts-in-Lng t o  t b ~  



Impact on gfass iutfoce 

Impact on si l icone rubber su~fnces  

F i g .  6. Comparison of two types  of impact behav io r  of 1 .05- in .  d iameter155 mph s imu la t ed  h a i l s t o n e  

observed damage, q u a n t i t a t i v e  e l e c t r i c a l  power mea- 
surements were made on f o u r  o f  t h e  p a n e l  t ypes  b e f o r e  
and a f t e r  h a i l  impact t e s t i n g .  In t h e s e  t e s t s ,  t h e  
e l e c t r i c a l  power o u t p u t  of t h e  p a n e l  i s  measured 
wh i l e  t h e  p a n e l  i s  i r r a d i a t e d  w i t h  a  s t a n d a r d  l i g h t  
sou rce .  The r e s u l t s  of t h e s e  t e s t s  appea r  i n  
Table  4.  

A l l  f ou r  pane l  t ypes  were  s u b j e c t e d  t o  impacts  
by s imu la t ed  h a i l s t o n e s  r ang ing  from a  314-to 
1-112-in. d i ame te r .  I n  a d d i t i o n ,  Types C I I  and D I I  
were impacted w i t h  2-in.  d i ame te r  i c e  s p h e r e s .  Note 
f u r t h e r  t h e  number of h i t s  p e r  f  t2  of p a n e l  a r e a  was 
n o t  he ld  c o n s t a n t  i n  t h e s e  t e s t s .  S u f f i c e  i t  t o  s a y  
t h a t  n o t  t o o  much emphasis should  be  p l aced  on t h e  
numerica l  v a l u e s  r e p o r t e d .  These r e s u l t s  do i n d i -  
c a t e ,  however, t h a t  t h e  v i s u a l  damage p r e v i o u s l y  d i s -  
cussed has  a  marked e f f e c t  on t h e  e l e c t r i c a l  power 
ou tpu t  of t h e  pane l s  t h a t  employ a s i l i c o n e  rubbe r  
top  s u r f a c e .  A t  t h e  same t ime  t h e  power o u t p u t  of 
pane l  Type E I I ,  which has  an annealed  g l a s s  top  s u r -  
f a c e ,  i s  p r a c t i c a l l y  u n a f f e c t e d  even though the 
g l a s s  is cracked a s  shown i n  F i g .  5 ,  

SIMPLIFIED TEST METHODS 

A t  t h e  o u t s e t  of t h e  program i t  was recognized 
t h a t  t h e  s imu la t ed  h a i l  impact t e s t i n g  method j u s t  
d i s c u s s e d  i s  r a t h e r  e l a b o r a t e  and expens ive .  A sim- 
p l i f i e d  t e s t  method i s  d e s i r e d .  Having s t u d i e d  t h e  
f a i l u r e  modes of t h e  p a n e l s  s u b j e c t e d  t o  s imu la t ed  
I l a i l s t o n e  impact a t  some l e n g t h ,  i t  was f e l t  t h a t  
t h e  a p p l i c a b i l i t y  of a  s i m p l i f i e d  t e s t  method would 
be  v e r i f i e d  i f  t h a t  method reproduced ( f o r  a l l  des ign 
types )  t h e  f a i l u r e  modes p r e v i o u s l y  observed u s i n g  
s imu la t ed  h a i l s t o n e s .  

Dropped S t e e l  B a l l s  

The American N a t i o n a l  S t anda rds  I n s t i t u t e  (ANSI) 
s p e c i f i e s  dropped s t e e l  b a l l  t e s t s  t o  de termine  t h e  
impact r e s i s t a n c e  of such i t ems  a s  s a f e t y  g l a s s e s  
(Ref. 12) and motor v c h i c l e  s a f e t y  g l a z i n g  m a t e r i a l 9  
(Ref.  1 3 ) .  T h i s  t ype  of t e s t  i s  s imp le  and inexpen- 
s i v e  and thus  appeared t o  b e  a  l o g i c a l  s t a r t i n g  poi l i t .  
Table  5 summarizes t h e  r e s u l t s  of dropping s t e e l  
b a l l s  on t h e  v a r i o u s  pane l  t ypes .  The c r i t i c a l  drop 

Table  4.  E f f e c t  of h a i l  impact on power on tpu t  o f  photovol . ta ic  pane l s  
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Table  5. C r i t i c a l  d rop  h e i g h t  f o r  s t e e l  b a l l s  

Pane l  
t ype  

A 1  

B I 

C I 

D I  

D I I  

EI 

T e s t  
d a t e  

Diameter of s t e e l  b a l l ,  i n .  1 

h e i g h t  r e p o r t e d  is  t h e  minimum drop h e i g h t  t h a t  pro-  
duced f a i l u r e  of any k ind  ( g l a s s  o r  c e l l  f r a c t u r e )  
when dropped on t h e  most s e n s i t i v e  p o r t i o n  of t h e  
pane l .  The p a n e l s  were suppor t ed  a s  i n t ended  by t h e  
manufac tu re r .  

I n  Fig .  7 ,  t h e  c r i t i c a l  drop h e i g h t s  r e p o r t e d  
i n  Tab le  5 a r e  p l o t t e d  on t h e  o r d i n a t e  a g a i n s t  t h e  
s m a l l e s t  s imu la t ed  h a i l s t o n e  d i ame te r  r e p o r t e d  t o  
have caused damage ( s e e  Tab le  3 ) .  

Examination of t h i s  f i g u r e  shows t h a t  t h e r e  i s  
ve ry  l i t t l e  c o r r e l a t i o n  between s t e e l  b a l l  drop 
t e s t s  and t h e  impact s t r e n g t h  of a  p h o t o v o l t a i c  
p a n e l  s u b j e c t e d  t o  impact by s imu la t ed  h a i l s t o n e s .  
Th i s  is e s p e c i a l l y  appa ren t  f o r  p a n e l  t ypes  C I  and 
D I .  The outermost  l a y e r  of bo th  is  a  c l e a r  s i l i c o n e  
p o t t i n g  m a t e r i a l ,  b o t h  have a  c r i t i c a l  s imu la t ed  
h a i l s t o n e  d iameter  of 1 i n . ,  y e t  t h e  c r i t i c a l  drop 
h e i g h t  f o r  1 .25- in .  d i ame te r  s t e e l  b a l l s  v a r i e s  by a  
f a c t o r  of n e a r l y  4 t o  1. 

Also  superposed on t h i s  f i g u r e  a r e  d o t t e d  and 
dot-dash l i n e s  t h a t  r e p r e s e n t  t h e  s t e e l  b a l l  drop 
h e i g h t  t h a t  w i l l  d u p l i c a t e  t h e  k i n e t i c  energy and 
momentum, r e s p e c t i v e l y ,  of a  s imu la t ed  h a i l s t o n e  of 
t h e  same d i ame te r .  Note t h a t  t h e  t e s t  r e s u l t s  a r e  
approximate ly  bounded by t h e s e  two cu rves .  Dupli-  
c a t i n g  momentum y i e l d s  r e a s o n a b l e  c o r r e l a t i o n  f o r  
t h r e e  of t h e  des ign  types  t e s t e d ,  b u t  d e s i g n  types  
C I  and D I  c o r r e l a t e  b e s t  w i t h  s t e e l  b a l l  drop 
h e i g h t s  p rov id ing  k i n e t i c  energy s i m i l i t u d e .  Th i s  
l a c k  of uni form c o r r e l a t i o n  between dropped s t e e l  
b a l l s  and s imu la t ed  h a i l s t o n e s  was cons ide red  s u f -  
f i c i e n t  t o  r u l e  o u t  f u r t h e r  c o n s i d e r a t i o n  of t h e  
dropped s t e e l  b a l l  t e s t i n g  approach.  

S t a t i c a l l y  Loaded S t e e l  B a l l s  

I n  t h e  dropped s tee l .  b a l l  t e s t s ,  drop h e i g h t s  
p rov id ing  momentum s i m i l i t u d e  tended t o  produce t h e  
same damage a s  t h e  s imu la t ed  h a i l s t o n e .  Th i s  
t o g e t h e r  w i t h  t h e  f a c t  t h a t  i c e  b a l l s  have  a  l i m i t e d  
c rush ing  s t r e n g t h  encouraged t h e  h y p o t h e s i s  t h a t  t h e  
damage might  be  r e l a t e d  t o  t h e  peak f o r c e  a p p l i e d  by 
the  h a i l s t o n e .  F i g u r e  8 summarizes t h e  r e s u l t s  of 
applying s t a t i c  l o a d s  t o  a  s t e e l  b a l l  t h a t  was 
p laced a g a i n s t  t h e  s u r f a c e  of t h e  v a r i o u s  pane l s .  
The p a n e l  was mounted a s  t h e  manufac tu re r  i n t e n d e d ,  
and t h e  s t e e l  b a l l  was p l aced  a t  c r i t i c a l  l o c a t i o n s  
on t h e  p a n e l  s u r f a c e  (nea r  t h e  edge of g l a s s  p a n e l s  
and n e a r  t h e  edges  of c e l l s  a t  c e l l  j u n c t i o n s  f o r  
s i l i c o n e  encapsu la t ed  p a n e l s ) .  The minimum s t a t i c  
load t h a t  produced f a i l u r e  of any s o r t  is p l o t t e d  
a g a i n s t  t h e  minimum d iame te r  of s imu la t ed  h a i l s t o n e  
d iameter  t o  have caused l i k e  damage. 
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F ig .  7 .  C o r r e l a t i o n  of damage due t o  dropped s t e e l  
b a l l s  w i t h  damage induced by s imu la t ed  h a i l s t o n e s  
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F i g .  8 .  C o r r e l a t i o n  of damage due t o  s t a t i c a l l y  
loaded s t e e l  b a l l s  w i t h  damage induced by 

s imu la t ed  h a i l s t o n e s  

The s c a t t e r  i n  t h e  d a t a  i s  i n d i c a t i v e  of t h e  
b r i t t l e  n a t u r e  of t h e  m a t e r i a l s  be ing  t e s t e d .  The 
s i l i c o n  s o l a r  c e l l s  t h a t  f a i l  on t h o s e  pane l s  employ- 
i n g  a  c l e a r  s i l i c o n e  rubbe r  top  s u r f a c e  and t h e  g l a s s  
t h a t  f a i l s  on t h o s e  d e s i g n s  employing g l a s s  cover  
s h e e t s  a r e  bo th  b r i t t l e  m a t e r i a l s .  

Superposed on t h e  t e s t  r e s u l t s  i s  a  d o t t e d  curve  
r e p r e s e n t i n g  t h e  c a l c u l a t e d  v a l u e  of t h e  peak impact 
f o r c e  based on the fo l lowing  c o n s i d e r a t i o n s .  The 
impulse  o r  momentum change of t h e  s imu la t ed  h a i l s t o n e  
i s  g iven  by 

where F is  t h e  impact f o r c e ,  t i s  t h e  t ime ,  m i s  t h e  
mass of t h e  s imu la t ed  h a i l s t o n e ,  and Av is  t h e  ve loc -  
i t y  change undergone by t h e  h a i l s t o n e  d u r i n g  impact.  
I f  t h e  fo rce - t ime  h i s t o r y  of impact is  assumed t o  be  
a  h a l f - s i n e  p u l s e ,  E q .  ( 2 )  becomes 
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rjhere ti i s  t h e  t o t a l  impact t ime. The d o t t e d  curve 
shown i n  F ig .  8 i s  based on a  t o t a l  impact t ime of 
0.001 s and a  h a i l s t o n e  rebound b e l o c i t y  of 10% of 
t h e  approach v e l o c i t y  s o  t h a t  Av = 1.1 v .  Both of 
t h e s e  va lues  were observed i n  t h e  a n a l y s i s  of t h e  
high-speed movies taken of s imulated h a i l s t o n e  
impact on p h o t o v o l t a i c  s o l a r  pane l s .  These com- 
ments a r e  p r i m a r i l y  of academic i n t e r e s t ,  bu t  i t  i s  
i n t e r e s t i n g  t o  no te  t h a t  t h e  genera l  t r end  of t h e  
da ta  fol lows t h i s  a n a l y t i c a l  model. 

Except f o r  t h e  poor c o r r e l a t i o n  of pane l  type  
B I ,  s t a t i c a l l y  loaded s t e e l  b a l l s  might be consid- 
e red  a s  a  s imple  means of a s s e s s i n g  t h e  h a i l  impact 
s t r e n g t h  of p h o t o v o l t a i c  s o l a r  p a n e l s .  

IMPROVING PANEL IMPACT STRENGTH 

The t e s t s  a l r eady  d i scussed  were d i r e c t e d  
toward a s s e s s i n g  t h e  h a i l  impact r e s i s t a n c e  of cur-  
r e n t  commercially a v a i l a b l e  s o l a r  pane l s .  The 
a d d i t i o n a l  t e s t s  and c o n s i d e r a t i o n s  d i scussed  h e r e  
a r e  in tended t o  provide ground work f o r  improving 
t h e  impact r e s i s t a n c e  of f u t u r e  genera t ions  of 
pho tovo l t a i c  s o l a r  pane l s .  

Edge E f f e c t s  - Glass  Pane l s  

During t h e  t e s t i n g  conducted t o  a s s e s s  t h e  h a i l  
impact r e s i s t a n c e  of t h e  commercially a v a i l a b l e  
s o l a r  p a n e l s ,  i t  was noted t h a t  those  des igns  employ- 
ing g l a s s  were much more s u b j e c t  t o  damage when 
s t r u c k  nea r  t h e  edge of t h e  g l a s s  pane l s .  

This  e f f e c t  was f u r t h e r  s t u d i e d  by making up a  
s e r i e s  of dummy s o l a r  pane l s  by i n s t a l l i n g  double  
s t r e n g t h  window g l a s s  45 i n .  x 15 i n .  x 0.125 i n .  i n  
an aluminum frame wi th  a  rubber  g l a z i n g  gaske t .  A 
c r o s s  s e c t i o n  nea r  t h e  frame edge i s  shown i n  F i g .  9 .  
This  c o n f i g u r a t i o n  v e r y  n e a r l y  d u p l i c a t e s  t h e  con- 
f i g u r a t i o n  of pane l  type E I I .  

These t e s t  pane l s  were t e s t e d  wi th  double  
s t r e n g t h  window g l a s s  (annealed g l a s s ,  0.12 i n .  
t h i c k )  having bo th  ground and unground edges .  
Dropped and s t a t i c a l l y  loaded s t e e l  b a l l  t e s t s  were 
performed. The r e s u l t s  of t h e  drop t e s t s  a r e  sum- 
marized i n  Table 6 .  

These t e s t s  show t h a t  t h e r e  i s  l i t t l e  improve- 
ment t o  b e  gained i n  t h e  impact r e s i s t a n c e  of g l a s s  

LOAD OR IMPACT POINT 

BEZEL 
1.00 in.  x 0.50 in. x 0 . W  in 
ALUMINUM 

.'-RUBBER GLAZING GASKET 
DOUBLE 
STRENGTH 
WItdDOW GLASS 

1 . 2 5 i n .  x 1 .M) inxO. lO in .  
ALUMINUM 

pane l s  by i n c r e a s i n g  t h e  edge d i s t a n c e  from 0.75 i n .  
t o  2.5 i n .  I t  would n o t ,  t h e r e f o r e ,  he  p r a c t i c a l  t o  
improve t h e  impact r e s i s t a n c e  by p r o t e c t i n g  t h e  
g l a s s  pane l  edges wi th  wide aluminum frames,  f o r  
example. There i s ,  however, s u b s t a n t i a l  improvement 
t o  b e  gained by g r ind ing  t h e  edges of g l a s s  p a n e l s ,  
o r  o the rwise  improving t h e  f i n i s h  of same. 

Eva lua t ion  of Candidate TOD Laver M a t e r i a l s  

It has  been shown t h a t  t h e  top  l a y e r  of t h e  
s o l a r  p a n e l  i s  of paramount importance i n  determin- 
i n g  t h e  impact s t r e n g t h  of s o l a r  pane l s .  The ou te r -  
most l a y e r  of a  p h o t o v o l t a i c  s o l a r  pane l  t h a t  pro- 
t e c t s  t h e  s i l i c o n  s o l a r  c e l l s  from t h e  environment 
should b e  low-cost,  t r a n s p a r e n t ,  weather  and abra- 
s i o n  r e s i s t a n t ,  and should have good impact r e s i s -  
tance.  Add i t iona l  t e s t i n g  was performed on a c r y l i c  
s h e e t s  t o  determine whether a  pane l  could b e  con- 
s t r u c t e d  t o  s u r v i v e  t h e  impact of a  2-in.  d iameter  
h a i l s t o n e .  The r e s u l t s  of t h e s e  and p rev ious  t e s t s  
a r e  shown i n  Table  7  a long wi th  d a t a  on c o s t ,  
t r anspa rency ,  weather  and abras ion  r e s i s t a n c e .  
Annealed g l a s s  has  t h e  advantage i n  a l l  c a t e g o r i e s ,  
e s p e c i a l l y  c o s t ,  except  f o r  r e s i s t a n c e  t o  h a i l  
impact.  A c r y l i c  pane l s  could be  made t o  wi ths tand  
2-in. d i amete r  h a i l s t o n e s .  

CONCLUSIONS 

Based on t h e  work repor ted  h e r e i n ,  a  number of 
u s e f u l  g e n e r a l  conc lus ions  may b e  drawn. 

None of t h e  s i x  panel  des igns  incorpora t -  
i n g  c l e a r  p o t t i n g  s i l i c o n e  m a t e r i a l  a s  t h e  
outermost l a y e r  was capable  of p r o t e c t i n g  
t h e  s i l i c o n  s o l a r  c e l l s  from damage due t o  
impacts by s imulated h a i l s t o n e s  of 1- in .  
d iameter  o r  l a r g e r .  

The two module des igns  us ing  annealed 
g l a s s  a s  t h e  outermost l a y e r  could with- 
s t a n d  t h e  impact of 1-in.  d iameter ,  b u t  
n o t  1-114 i n .  d iameter  s imulated 
h a i l s t o n e s .  

The module des igns  us ing  0.100-in. t h i c k  
a c r y l i c  and 0.125-in. t h i c k  tempered g l a s s  
could wi ths tand  t h e  impact of 1-114-in. 
d i amete r ,  b u t  no t  1-112-in. d iameter  simu- 
l a t e d  h a i l s t o n e s .  

The s i m p l i f i e d  t e s t  methods eva lua ted ,  
namely, t h e  dropped o r  s t a t i c a l l y  loaded 

C r i t i c a l  s t e e l  b a l l  drop h e i g h t  f o r  g l a s s  
p a n e l s  w i t h  v a r i o u s  edge c o n d i t i o n s  

Pig .  9 .  Edge conf igurat ion-edge e f f e c t  t e s t  panel 
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Table  7 ,  Eva lua t ion  of  andi id ate s o l a r  pane l  ton s u r f a c e  materials 

/ Tempered g l a s s  

1 Acry l i c  

Acry l i c  

Acry l i c  

Thickness ,  
i n  . 

C r i t i c a l  siniulated 
h a i l s t o n e  d i ame te r ,  

i.n. 

s t e e l  b a l l  t e s t s ,  d i d  n o t  p rov ide  accept-  
a b l e  c o r r e l a t i o n  w i t h  t h e  s imula t ed  h a i l  
impact t e s t s .  

(5) A p h o t o v o l t a i c  module employing a  0.188-in. 
t h i c k  a c r y l i c  cover  s h e e t  would b e  capab le  
of w i ths t and ing  t h e  impact of a  2-in. diam- 
e t e r  h a i l s t o n e .  

RECOMMENDATIONS 

Th i s  program has  provided much u s e f u l  informa- 
t i o n  wi th  regard  t o  t h e  h a i l  impact s t r e n g t h  of 
c u r r e n t  p h o t o v o l t a i c  s o l a r  p a n e l s ,  des ign  f e a t u r e s  
t h a t  enhance o r  d e t r a c t  from t h a t  s t r e n g t h ,  and has  
produced some in fo rma t ion  p e r t i n e n t  t o  t h e  problem 
of f i n d i n g  a  s imple r  t e s t  method t o  e v a l u a t e  t h e  
h a i l  r e s i s t a n c e  of s o l a r  pane l s .  At t h e  same t ime ,  
it has  emphasized t h e  need f o r  f u r t h e r  s tudy  i n  t h e  
fo l lowing a r e a s :  

Study t h e  d i r e c t i o n  and magnitude of t h e  
winds t h a t  accompany h a i l s t o r m s  t o  b e t t e r  
a s s e s s  t h e  a n g l e  of i nc idence  of t h e  h a i l -  
s t o n e  impact on p h o t o v o l t a i c  s o l a r  pane l s .  

Sub jec t  pane l s  t o  ob l ique  h a i l s t o n e  impact 
a t  probable  ang les  of i nc idence  t o  s e e  how 
t h i s  a f f e c t s  t h e  h a i l  r e s i s t a n c e  of t h e  
pane l s .  

Explore  t h e  l i f e - c y c l e  c o s t  e f f e c t i v e n e s s  
of v a r i o u s  degrees  of h a i l  r e s i s t a n c e .  

Examine t h e  v a l i d i t y  of u s ing  i c e  sphe res  
o r  o t h e r  means t o  s i m u l a t e  impact by na t -  
u r a l l y  occur r ing  h a i l s t o n e s .  

F u r t h e r  s tudy  of a  s imple r  t e s t  method t o  
e v a l u a t e  h a i l  impact r e s i s t a n c e  of s o l a r  
pane l s .  

I n  a d d i t i o n ,  t h o s e  des ign  f e a t u r e s  of 
s o l a r  p a n e l s  t h a t  most i n f l u e n c e  t h e  
impact s t r e n g t h  should  b e  s t u d i e d  f u r t h e r  
t o  f i n d  c o s t  e f f e c t i v e  means of enhancing 
t h e  h a i l  impact r e s i s t a n c e  of p h o t o v o l t a i c  
s o l a r  pane l s .  F i r e  p o l i s h i n g  t h e  edge of 
g l a s s  p a n e l s ,  f o r  example, should  be  
s t u d i e d .  
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