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DEVELOPMENT OF LIGHTWEIGHT SOLAR PANELS 

By 3 .  A .  Ca r l son  

E l e c t r o - O p t i c a l  Sys t e m s  

SUMMARY 

This  r e p o r t  summarizes t h e  r e s u l t s  o f  Phase I and Phase I1 o f  

C o n t r a c t  NAS7-428, Development of  L igh twe igh t ,  Rig id  S o l a r  P a n e l s .  

E l e c t r o - O p t i c a l  Systems began work on Phase I i n  Janua ry  1966 under  

c o n t r a c t  t o  NASA Headquar t e r s ,  t he  O f f i c e  o f  S o l a r  and Chemical Power 

Systems o f  t h e  O f f i c e  of  Advanced Research  and Technology. Phase I w a s  

concluded  i n  Janua ry  1967. The Phase I1 p o r t i o n  o f  t h e  c o n t r a c t ,  which 

has  been monitored through Langley Research Cen te r ,  w a s  s t a r t e d  i n  J u l y  

1967. The f a b r i c a t i o n  and c e s t i n g  o f  t h e  Phase I1 d e m n w t r a t i o n  p a n e l s  

w a s  completed i n  March 1969. 

Th i s  r e p o r t  c o v e r s  t h e  work on Phase I which was n o t  r e p o r t e d  

(Ref .  1) .  The s p e c i f i c  a r e a s  o f  Phase I which a r e  documented i n  t h i s  

r e p o r t  are  r e l a t e d  t o  the  f a b r i c a t i o n ,  assembly ,  and t e s t i n g  o f  t h e  

demons t r a t ion  pane l .  CR-75370 (Ref .  1) c o n t a i n s  t h e  d e s i g n  t r a d e o f f s ,  

o p t i m i z a t i o n  s t u d i e s ,  and a r r a y  and mechanisms des igns  which were com- 

p l e t e d  d u r i n g  Phase I; 

The r e s u l t s  o f  t h e  Phase I1 e f f o r t  a r e  a l s o  p r e s e n t e d .  
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INTRODUCTION 

The o b j e c t i v e  of  Con t rac t  NAS7-428 was t o  d e s i g n ,  f a b r i c a t e  and 

tes t  s o l a r  pane ls  which conf i rm t h e  f e a s i b i l i t y  o f  e r e c t i n g  l a r g e  area, 

25 lb/kW s o l a r  a r r a y s .  During Phase I ,  t h e  pane l  p i c t u r e d  i n  F ig .  1 

w a s  b u i l t  and t e s t e d .  This  25 s q - f t  pane l  u t i l i z e d  an  e l ec t ro fo rmed  

n i c k e l  "hollowcore" s u b s t r a t e  suppor ted  i n  a n  aluminum, double-box-beam 

frame t o  a c h i e v e  a weight-to-power r a t i o  of  42 lb/kW, based on t h e  

ground r u l e  t h a t  t h e  power ou tpu t  of  t h e  4 - m i l  s i l i c o n  ce l l s  used i n  

t h e  des ign  i s  10 watts pe r  s q u a r e  f o o t .  This  hardware and the  suppor t -  

i n g  a n a l y s i s  demonstrated : 

1. The s t i f f n e s s - t o - w e i g h t  advantage  i n h e r e n t  i n  t h e  curved 

s h e l l  concep t ;  

2 .  The f e a s i b i l i t y  o f  f a b r i c a t i n g  l a r g e ,  f o i l  gage s t r u c t u r e s  

u s i n g  the  e l e c t r o f o r m i n g  technique;  

3 .  The advantages  of lower t o t a l  weight  and lower thermal  re- 

s i s t a n c e  which are ob ta ined  w i t h  the  one-p iece  e l ec t ro fo rmed  hol lowcore 

s t r u c t u r e  a s  compared t o  adhesive-bonded s t r u c t u r e s .  

Concurren t ly  w i t h  t h e  Phase I e f f o r t  on NAS7-428, work performed 

a t  E lec t ro -Opt i ca l  Systems under Con t rac t  NAS1-6218, had l e d  

t o  t h e  development o f  a process  f o r  e l e c t r o f o r m i n g  aluminum w i t h  s u f f i -  

c i e n t  s t r e n g t h  t o  be  u s e f u l  a s  a s t r u c t u r a l  m a t e r i a l .  The Phase I1 

o b j e c t i v e  was t o  deve lop  t h e  technology necessa ry  t o  s u c c e s s f u l l y  f a b r i -  

c a t e  a s o l a r  panel  u s i n g  an e l ec t ro fo rmed ,  aluminum, hol lowcore  s u b s t r a t e  

and a b e r y l l i u m  frame. The two demonst ra t ion  pane l s  which r e s u l t e d  from 

t h e  Phase I1 work are  shown i n  F ig .  2 .  These p a n e l s  weigh approximate ly  

6 l b  and have a c a l c u l a t e d  power o u t p u t  o f  210W, g i v i n g  a weight-to-power 

r a t i o  o f  28 .5  lb/kW. C a l c u l a t i o n s  show t h a t ,  w i t h  minor des ign  modi f ica-  

t i o n s  and manufactur ing c o n t r o l s ,  t h e  program goa l  of 25 lb/kW can be  

ach ieved  e 



Figure 1. 25-sq ft Panel with  Electroformed Nickel Hollowcore 
Substrate Supported in Aluminum Double-Box-Beam Frame 
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PHASE I SUMMARY 

Task D e s c r i p t i o n  

The Phase I development program w a s  d i v i d e d  i n t o  fou r  major t a s k s :  

1. Task I - Terform t r a d e o f f  a n a l y s e s  and produce a s o l i d ,  work- 

a b l e  d e s i g n  f o r  a r e p r e s e n t a t i v e  p h o t o v o l t a i c  s o l a r  c e l l  a r r a y ;  

2 .  Task I1 - F a b r i c a t e  a demons t r a t ion  pane l  i n c l u d i n g  assembly 

of s t r u c t u r e ,  a t t achmen t s  , s o l a r  c e l l s ,  and c o v e r g l a s s ;  

3 .  Task 111 - Complete t e s t i n g  of  demons t r a t ion  pane l  i n c l u d i n g  

tests of  s m a l l  sample pane l  s e c t i o n s  and v i b r a t i o n  t e s t  o f  t h e  demon- 

s t r a t i o n  p a n e l ;  

4 .  Task I V  - I n t e r p r e t  d a t a  ob ta ined  froin pane l  t es t s  and recom- 

mend a program p lan  f o r  Phase 11. 

The r e s u l t s  o f  Task I and g e n e r a l  i n f o r m a t i o n  i n c l u d i n g  m i s s i o n /  

s p a c e c r a f t  a s sumpt ions ,  d e s i g n  c r i t e r i a ,  f u n c t i o n a l  s p e c i f i c a t i o n s ,  

and d e f i n i t i o n s  o f  terms and nomencla ture  were r e p o r t e d  i n  NASA CR- 

75370 (Ref. 1) .  Inc luded  i n  CR-75370 a r e  d e s i g n s  f o r  5 kW and 10 kW 

dep loyab le  arrays Fh ich  u s e  t h e  25 - sq - f t  demons t r a t ion  pane l  as a b a s i c  

b u i l d i n g  b lock .  A d e s c r i p t i o n  of  t he  Phase I demons t r a t ion  pane l  hard-  

ware i s  provided  i n  t h i s  r e p o r t .  A d e t a i l e d  r e p o r t  on t h e  e l e c t r o f o r m -  

i n g  p rocess  used t o  f a b r i c a t e  t h e  n i c k e l  ho l lowcore  s u b s t r a t e  i s  a l s o  

p r e s e n t e d  h e r e .  The assembly p rocedure ,  which comple tes  Task 11, i s  

a l s o  documented i n  t h i s  r e p o r t .  The  r e s u l t s  o f  t h e  Phase I v i b r a t i o n  

t e s t s ,  Task 111, a r e  d i s c u s s e d .  Complet ion o f  Task I V  r e s u l t e d  i n  the  

program p lan  f o r  Phase I1 of  NAS7-428, which i s  t h e  s u b j e c t  o f  t h e  l a s t  

p a r t  o f  t h i s  r e p o r t .  

5 
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Figure 3. Completed Nickel Hollowcore Substrate 
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Figure 4 .  Two-Piece Aluminum Attachment Clip 
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h i n g e  b r a c k e t s  are i n s e r t e d  i n t o  t h e  c o r n e r  b r a c k e t  a t  each c o r n e r .  

These were used t o  s i m u l a t e  t h e  h inges  between subpanels  and were used  

f o r  mounting t h e  demons t r a t ion  pane l  t o  v a r i o u s  t es t  f i x t u r e s .  

The d e t a i l s  of t h e  frame assembly are shown i n  F i g s .  5 and 6 .  

E l e c t r i c a l  

S o l a r  cells .  - The Phase I demons t r a t ion  p a n e l  was t h r e e  t y p e s  of 

s o l a r  cel ls  bonded i n  p l a c e  t o  conf i rm t h e  f e a s i b i l i t y  of  u s i n g  t h e  

hol lowcore  s t r u c t u r e  as a s o l a r  pane l  s u b s t r a t e .  The f o l l o w i n g  c e l l s  

a r e  i n s t a l l e d  : 

1. 150, 4 -mi l ,  2 em x 2 cm NIP s i l i c o n  w i t h  c o n v e n t i o n a l  s i l v e r /  

t i  tanium c o n t a c t s  ( s o l d e r  less ) 

2 .  150, € $ - m i l ,  2 em x 2 cm N/P s i l i c o n  w i t h  c o n v e n t i o n a l  s i l v e r /  

t i t a n i u m  c o n t a c t s  ( s o l d e r  less) 

3 .  6 ,  15-mi1, 1 cm x 15 cm N/P d e n d r i t i c  w i t h  p l a t e d  c o n t a c t s  

F i l t e r s .  - The 300 s i l i c o n  ce l l s  were f i l t e r e d  u s i n g  OCLI  t y p e  

B-SCC-410-MS-C s o l a r  c e l l  cover  s l i p s .  These f i l t e r s  are 2 cm x 2 em 

x 0.003 inch  m i c r o s h e e t .  

I n t e r c o n n e c t i o n s .  - The i n t e r c o n n e c t i o n s  used  on the demons t r a t ion  

pane 1 a r e  1 - m i  1 no lybdenum . 

Weight s i m u l a t i o n .  - The a r e a  of the  p a n e l  n o t  covered by l i v e  

c e l l s  i s  covered w i t h  2 - m i l  aluminum p l a t e l e t s ,  2 cm x 2 cm, which 

s i m u l a t e  the  we igh t  of t h e  c e l l s  , f i l t e r s  , and i n t e r c o n n e c t i o n s .  

11 



F i g u r e  5.  D e t a i l s  of Frame Assembly 

1 2  



Figure 6. Details of Frame Assembly 
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A c r o s s - s e c t i o n a l  view of  t h e  p l a t i n g  s e t u p  i s  shown i n  F i g .  7 .  

The aluminum p l a t i n g  mandrel  was mounted on t h e  r e c i p r o c a t o r  as shown 

i n  t h e  f i g u r e .  A f t e r  mounting, t h e  r e c i p r o c a t o r  w a s  p l aced  i n  the  

p l a t i n g  b a t h  between t h e  con tour  masks which s e p a r a t e d  t h e  aluminum 

mandrel  and the  anode b a s k e t s .  The anode b a s k e t s  were f i l l e d  w i t h  

s u l f u r  d e p o l a r i z e d  n i c k e l  anode c h i p s .  The anode b a s k e t s  were f a b r i -  

c a t e d  from t i t a n i u m  w i r e  mesh t o  minimize p o s s i b i l i t i e s  of  b a t h  con- 

t a m i n a t i o n .  The anode b a s k e t s  were covered w i t h  Dacron c l o t h  t o  prevent 

t h e  anode s ludge  from d i s p e r s i n g  i n  the  p l a t i n g  s o l u t i o n  and c a u s i n g  a 

rough n i c k e l  d e p o s i t .  A i r  a g i t a t i o n  w a s  s u p p l i e d  through a p ipe  p l aced  

i n  t h e  bottom of  t h e  p l a t i n g  t a n k  a l o n g  t h e  lower edge of  t h e  r e c i p r o -  

c a t o r .  A i r  a g i t a t i o n  was used t o  h e l p  remove gas  bubb les  t h a t  form on 

t h e  s u r f a c e  o f  t h e  mandrel  d u r i n g  p l a t i n g  and t h e r e b y  r educe  p i t t i n g  

of  t h e  n i c k e l .  The par t  was r e c i p r o c a t e d  back and f o r t h  d u r i n g  the  

p l a t i n g  p rocess  t o  minimise t h e  e f f e c t  o f  v a r i a t i o n s  i n  c u r r e n t  d e n s i t y  

which would have r e s u l t e d  i n  t h i c k  and t h i n  p l a c e s  i n  t h e  f i n a l  e lec-  

t roformed s t r u c t u r e s .  

Cont inuous f i l t r a t i o n  o f  t h e  e l e c t r o f o r m i n g  s o l u t i o n  w a s  ma in ta ined  

th roughou t  the p l a t i n g  p rocess  by the u s e  of 50-disk Alsop F i l t e r  A s -  

s e m b l i e s  s u p p l i e d  by Vanton pumps. Power f o r  t h e  e l e c t r o f o r m i n g  p rocess  

was s u p p l i e d  by a l O O O A  d i r e c t - c u r r e n t  power s u p p l y .  

Mandre 1 F a b r i c a t i o n  

The e l e c t r o f o r m i n g  mandrel f o r  t h e  demons t r a t ion  pane l  was f a b r i -  

c a t e d  from 6061-T6 aluminum s h e e t s  0.090 inch  t h i c k .  

Material was procured from Diamond Meta l  S a l e s ,  Los Angeles ,  as 

prepunched f l a t  aluminum s h e e t s  60 i n c h e s  x 144 i n c h e s .  The s h e e t s  

were punched w i t h  314-inch-diameter  h o l e s  on s t a g g e r e d  1 - inch  c e n t e r s .  

A f t e r  r e c e i v i n g - i n s p e c t i o n ,  the prepunched s h e e t s  were c u t  t o  a b l ank  

s i z e  of 60 x 65 i n c h e s ,  The h o l e s  i n  t h e  b l anks  were then d r i l l e d  and 

15 
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reamed t o  a 15116-inch d i v i s i o n .  

16 p e r c e n t .  The edges  of each  h o l e  were r a d i u s e d  t o  minimize d i scon-  

t i n u i t y  stresses.  It w a s  found d u r i n g  t h e  f a b r i c a t i o n  of  buck l ing  s p e -  

cimens t h a t  s a m p l e s  w i thou t  t h i s  r a d i u s  tended t o  c r a c k  i n  t h i s  area. 

Th i s  gave a f i n a l  area o f  approximate ly  

The mandrels  were p o l i s h e d  by sand ing  b e f o r e  forming t o  remove a l l  

s c r a t c h e s  and d e n t s .  

A d r o p  hammer forming p rocess  was used  t o  o b t a i n  t h e  biconvex 

shape o f  t h e  pane l .  A f t e r  forming ,  t h e  contour  o f  t h e  pane l  w a s  i n -  

s p e c t e d  u s i n g  a master check template w i t h  t h e  pane l  remain ing  i n  t h e  

d i e  f o r  s u p p o r t .  A t  t h i s  t i m e  i t  was no ted  t h a t  some of t h e  h o l e s  n e a r  

t he  edges  of  t h e  mandrel had deformed d u r i n g  t h e  forming p r o c e s s .  I n  

a d d i t i o n ,  h o l e s  which had less than  t h e  0.050-inch web between them 

a l s o  deformed. I t  i s  b e l i e v e d  t h a t  t h e s e  problems could  be c o r r e c t e d  

on o t h e r  u n i t s  by i n c r e a s i n g  the  b l ank  and d i e  s i z e  over  the  f i n a l  re- 

q u i r e d ,  and d r i l l i n g  and reaming t h e  h o l e s  w i t h  an  a c c u r a t e  d r i l l  j i g .  

The prepunched s h e e t s  had somewhat g r e a t e r  ho le  l o c a t i o n  v a r i a t i o n s  

than  shou ld  be al lowed f o r  p roduc t ion  p a r t s  f o r  t h i s  u s e .  

The mandrels  were completed by tr imming t o  s i z e  and weld ing  on s i x  

s l o t t e d  t a b s  which were used f o r  a t t a c h i n g  the  mandrel  t o  t h e  r e c i p r o c a t o r .  

E lec t ro fo rming  

E lec t ro fo rming  of t h e  hol lowcore n i c k e l  s u b s t r a t e  c o n s i s t e d  of  two 

b a s i c  s t e p s :  (1) p r e p a r a t i o n  and ( 2 )  e l e c t r o f o r m i n g .  

The mandrels  were prepared  f o r  e l e c t r o f o r m i n g  b y  sanding  t o  remove 

a l l  s c r a t c h e s  and b u r r s .  
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A c t u a l  e l e c t r o f o r m i n g  o f  t h e  demons t r a t ion  pane l  was accomplished 

u s i n g  an  ave rage  c u r r e n t  d e n s i t y  o f  2OA p e r  squa re  f o o t ,  E l e c t r o f o r m i n g  

was accomplished i n  approximate ly  2.5 h o u r s .  

E t c h i n g  

Fol lowing  e l e c t r o f o r m i n g  t h e  completed s t r u c t u r e  was g iven  a v i s u a l  

examinat ion  f o r  p i t s ,  c r a c k s ,  o r  tears .  

The mounting t a b s  were trimmed o f f  and t h e  nonconduct ive t a p e  w a s  

removed, expos ing  t h e  e t c h i n g  h o l e s .  E t c h i n g  the  aluminum mandrel  o u t  

o f  t h e  e l ec t ro fo rmed  n i c k e l  w a s  accomplished by immersing t h e  p a n e l  

v e r t i c a l l y  i n  30 p e r c e n t  s o l u t i o n  of  m u r i a t i c  a c i d .  The e t c h i n g  p rocess  

r e q u i r e d  approximate ly  7 d a y s  because  of t h e  l i m i t e d  s u r f a c e  a r e a  

a v a i l a b l e  f o r  t he  HCL t o  a t t a c k .  

A f t e r  t h e  e t c h i n g  p rocess  was comple ted ,  t h e  l i g h t w e i g h t  s t r u c t u r e  

w a s  r i n s e d  s e v e r a l  times w i t h  de ion ized  water 

The f a b r i c a t i o n  of  the n i c k e l  biconvex s u b s t r a t e  was completed by 

p l a c i n g  i t  on t h e  forming d i e  and checking  t h e  con tour  w i t h  t h e  master 

check t empla t e .  The completed n i c k e l  s u b s t r a t e  i s  shown i n  F i g .  3 .  

ASSEMBLY OF PHASE I DEMONSTPATION PANEL 

A s s e m b l y  of  S t r u c t u r e  

Assembly flow p l a n .  - The flow p l a n  f o r  t h e  assembly of t h e  s t r u c -  

t u r e  i s  shown i n  F i g .  8. The drawing numbers i n  t h e  f i g u r e  r e f e r  t o  

drawings inc luded  i n  NASA CR75370 (Ref .  1 ) .  
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Bonding of  t h e  d i e l e c t r i c  f i l m  t o  t h e  n i c k e l  ho l lowcore  s u b s t r a t e .  - 
Fol lowing  i s  a d i s c u s s i o n  of  t h e  bonding o f  t h e  d i e l e c t r i c  f i l m  t o  t h e  

n i c k e l  ho l lowcore  s u b s t r a t e .  

E v a l u a t i o n  o f  a d h e s i v e s .  - A ser ies  o f  p u l l  t e s t s  w a s  conducted 

on n icke l -H f i l m  l a p  s h e a r  samples  t o  e v a l u a t e  t h e  f o l l o w i n g  types  o f  

a d h e s i v e s ;  Du Pont  S i l i c o n ,  Genera l  E l e c t r i c  S R - 5 8 5 ,  Dow Corning DC-280, 

Bloomingdale Rubber Company BR- 1000 and FM-47 , S h e l l  Chemicals  422 , and 

Narmco 7344 w i t h  Narmco C a t a l y s t  7119. 

maximum bond s t r e n g t h  i n  h i g h  p r e s s u r e  , e l e v a t e d  t empera tu re ,  c u r e  

c y c l e s .  The room tempera tu re ,  low p r e s s u r e  c u r e  cycle r e q u i r e d  t o  bond 

t h e  H-f i lm t o  the f r a g i l e  n i c k e l  ho l lowcore  s u b s t r a t e  would develop  

bond s t r e n g t h s  o f  less t h a n  200 p s i  f o r  all o f  t h e s e  adhes ives  excep t  

Narmco 7344. Narmco 7344 w i t h  Narmco C a t a l y s t  7119 developed bond 

s t r e n g t h s  between 1000 p s i  and 1200 p s i  u s i n g  a room tempera tu re  c u r e  

and 2 p s i  bonding p r e s s u r e .  Based on t h e  r e s u l t s  of t h e s e  t e s t s ,  Narmco 

7344 w a s  chosen  as t h e  adhes ive  t o  be used t o  bond t h e  H-f i lm t o  t h e  

n i c k e l  ho l lowcore .  

Most of t h e s e  adhes ives  developed 

P r e p a r a t i o n  o f  s u r f a c e s .  - The H-f i lm was p r e c u t  i n  16 x 56.7 i n .  

s e c t i o n s  and mechanica l ly  e t c h e d ,  u s i n g  No. 400 g r i t  a b r a s i v e  paper .  

The s e c t i o n s  were suspended d u r i n g  t h e  e t c h i n g  p rocess  t o  prevent  i m -  

p e r f e c t i o n s  i n  the  s u r f a c e  benea th  t h e  H-f i lm from wear ing  through.  

The H-f i lm w a s  f i r s t  e t c h e d  a long  t h e  long  s i d e  o f  t h e  s e c t i o n  and then  

r o t a t e d  90' and e t c h e d  a c r o s s  the  s h o r t  l eng th  t o  produce a uni form 

m a t t  s u r f a c e .  The f i l m  w a s  t hen  washed w i t h  w a r m  t a p  water  and a de-  

t e r g e n t  soap ,  and r i n s e d  i n  t a p  water w i t h  a f i n a l  r i n s i n g  i n  d i s t i l l e d  

w a t e r .  It w a s  d r i e d  i n  a 150 F oven f o r  45 minu tes .  J u s t  p r i o r  t o  

bonding,  t h e  H - f i l n  was wiped wi th  a c l e a n  c l o t h  s a t u r a t e d  i n  methyl  

0 
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combina t ion .  The c o r n e r  pieces and h inge  b r a c k e t s  were r i v e t e d  t o  t h e  

beam assembl i e s  u s i n g  MS-20648D3K2 b l i n d  r i v e t s  t o  complete  t h e  assembly.  

The s u b s t r a t e  subassembly r i v e t e d  t o  t h e  lower beam assembly i s  

shown i n  F i g .  9 .  

E l ec t r i ca l  Assembly 

Submodule f a b r i c a t i o n .  - The 4- and 8 - m i l  c e l l s  which were used 

t o  f a b r i c a t e  t h e  submodules were t e s t e d  and e l e c t r i c a l l y  grouped i n t o  

&I mA l o t  a t  0.45V. 

A l l  h a n d l i n g  o f  t h e  ce l l s  was done u s i n g  t h e  vacuum pickup t o o l  

shown i n  F i g .  10. 

The bus ba r  forming t o o l  i s  shown i n  F i g .  11. T h i s  t o o l  i s  a d u a l  

purpose dev ice  and w a s  a l s o  used t o  j i g  t h e  bus b a r s  and c e l l s  f o r  s o l -  

d e r i n g .  F igu re  12 shows t h e  bending t o o l  r e p l a c e d  w i t h  a vacuum hold-  

down t o o l  upon which t h e  ce l l s  were p laced  and indexed under  the  pre-  

formed bus b a r  f o r  t h e  s o l d e r i n g  o p e r a t i o n .  The l a r g e  vacuum pickup 

t o o l  which i s  shown i n  t h i s  f i g u r e  was used  t o  hand le  t h e  completed 

submodu les . 

Laydown of  submodules.  - The masking t o o l  used  t o  app ly  t h e  RTV 602 

t o  t h e  submodules i s  shown i n  F i g ,  13. A completed submodule w i t h  t h e  

adhes ive  a p p l i e d  i s  shown i n  F i g .  14. F i g u r e  15 shows a submodule 

about  t o  be p l aced  on t h e  prec leaned  H-f i lm s u r f a c e .  Th i s  f i g u r e  a l s o  

shows t h e  geomet r i c  l ayou t  and s t r a i g h t  edge arrangement  u s e d  t o  pos i -  

t i o n  t h e  submodules on t h e  s u b s t r a t e .  

The aluminum p l a t e l e t s  which were used  t o  s i m u l a t e  t h e  s o l a r  c e l l s  

f o r  t h e  demons t r a t ion  pane 1 were mounted t o  t h e  s u b s t r a t e  u s i n g  the  
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Figure 9. Substrate Subassembly Riveted to Lower Seam Assembly 
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Figure 10. Vacuum Pickup Tool  

25 



m m 
9 
9 
N 
I-4 

0 w 

Figure 11. Bus Bar Forming Tool 
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Figure 12. Vacuum Hold-Down Tool 
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Figure 13. Masking Tool 
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F i g u r e  14. Completed Submodule with Adhesive Applied 
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F i g u r e  15. Submodule Being P laced  on P r e c l e a n e d  H-Film S u r f a c e  
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same t echn ique  as t h a t  u sed  f o r  t h e  a c t u a l  submodules.  The cover  s l i d e s  

were bonded t o  t h e  s o l a r  c e l l s  a f t e r  a l l  submodules and s o l a r  c e l l  

s i m u l a t o r s  had been  mounted t o  t h e  s u b s t r a t e .  The t e r m i n a l  s t a n d o f f s  

were t h e n  bonded t o  t h e  H-f i lm and t h e  f i n a l  w i r i n g  o f  t h e  demons t r a t ion  

pane 1 w a s  comp le t e d  . 

PHASE I DEMONSTRATION PANEL VIBRATION TESTS 

A series of  l ow- inpu t - l eve l  v i b r a t i o n  tes ts  w a s  performed t o  de-  

termine t h e  r e s o n a n t  f r e q u e n c i e s  and g a i n s  a t  r e sonance  of t h e  biconvex 

demons t r a t ion  p a n e l .  The r e s u l t s  of t he  tes ts  v e r i f i e d  t h e  assumpt ions  

and a n a l y s e s  used  i n  t h e  d e s i g n  of  t he  s t r u c t u r e .  

S ince  t h e s e  tes ts  were n o t  i n t ended  t o  be d e s i g n  q u a l i f i c a t i o n  

tes ts  t h e  i n p u t  l e v e l s  were main ta ined  below t h e  d e s i g n  l i m i t  l o a d s .  

The e x c i t a t i o n  f o r  a l l  tes ts  i n  t h i s  ser ies  w a s  normal  t o  t h e  plane 

t angen t  t o  t h e  biconvex pane l  a t  i t s  c e n t e r .  A l l  e x c i t a t i o n  was 

s i n u s o i d a l .  

The t e s t  specimen was t h e  biconvex s o l a r  p a n e l ,  EOS P a r t  No. 

J1100300. The a r e a  which was no t  c e l l e d  was covered  w i t h  aluminum 

p la te le t s  which s i m u l a t e  t h e  weight  of  t he  s o l a r  c e l l s .  

T e s t  S e t u p  

The t e s t  s e t u p  a t  Wyle L a b o r a t o r i e s  ( E l  Segundo, C a l i f o r n i a )  i s  

shown i n  F i g .  16.  Two Ling 249 e l ec t rodynamic  shake r s  were used t o  

d r i v e  t h e  f i x t u r e  t o  which t h e  pane l  was mounted. The a t t achmen t  of 

t h e  p a n e l  t o  t h e  f i x t u r e  i s  shown i n  F i g .  1 7 .  The a rma tu res  of  t h e  

shake r s  were se r ies  connected t o  i n s u r e  proper  phas ing .  
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Figure 16. Demonstration Panel on Vibration Test Shake Fixture 
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Figure 17,  Accelerometer Location and Attachment of 
Demonstration Panel to Shake Fixture 
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Figure 18. Location of Vibration Test 
Control Accelerometer (No. 1) 
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Figure 19. Placement of Accelerometers on 
Demonstration Panel Surface 
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T e  s t R e s  u 1 t s 

During t h e  f i x t u r e  e v a l u a t i o n  tes t s  i t  was d i scove red  t h a t  t h e  

No. 1 Ling 249 shake r  w a s  r e s o n a t i n g  a t  16 Hz w i t h  a g a i n  o f  approx i -  

mate ly  3 .  E y  c o n t r o l l i n g  t h e  s e r v o  sys tem w i t h  a c o n t r o l  acce le romete r  

on t h e  end o f  t h e  f i x t u r e  d r i v e n  by t h e  No. 1 s h a k e r ,  t h e  resonance  

could  be c o n t r o l l e d  o u t .  The e f f e c t  of  c o n t r o l l i n g  t h i s  r e sonance  w a s  

a lowered i n p u t  a t  16 Hz (by a f a c t o r  of  3 )  from t h e  No. 2 shake r .  

Th i s  resonance  i n  the  shaker  d i d  n o t  a f f e c t  t h e  t es t  r e s u l t s  s i n c e  t h e  

p a n e l  was r e spond ing  a s  a r i g i d  body a t  16 Hz. 

The only  o t h e r  s i g n i f i c a n t  resonance  i a  t h e  s h a k e r - f i x t u r e  system 

was a t  105 Hz and had a g a i n  o f  approx ima te ly  1 .5 .  

The pane l  r e s o n a n t  f r e q u e n c i e s  and t h e  g a i n s  a t  resonance  a r e  

t a b u l a t e d  i n  Table  11. 

TABLE I1 

BICONVEX PANEL RESONANT FREQUENCIES AND G A I N S  

Frequency 
Hz 

26 

46  

56 

75 

100 

120 

160 

Gain 
g ' s l g  

38.5 

38.6 

4 8 . 5  

50.0 

67 . O  

6 7 . 0  

70 .0  

Remarks 

The motion a t  t h i s  f requency  was a com- 

b ina  t ion  frame and pane 1 resonance .  

Pane 1 re sonance .  Frame r i g i d  

Pane 1 re sonance  

Pane l  resonance 

Combination frame and pane 1 resonance .  

T h i s  g a i n  was a d j u s t e d  t o  account  f o r  t he  

f i x t u r e  resonance  a t  t h i s  f requency .  

Combination frame and pane 1 resonance  

Panel  resonance  
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DEVELOPMENT OF LIGHTWEIGHT SOLAR PANELS 

By J .  A .  Car l son  

E l e c t r o - O p t i c a l  Systems 

S W R Y  

This  r e p o r t  summarizes t h e  r e s u l t s  of Phase I and Phase I1 o f  

Con t rac t  NAS7-428, Development o f  L ightweight ,  Rigid S o l a r  Pane l s .  

E l e c t r o - O p t i c a l  Systems began work on Phase I i n  Janua ry  1966 under 

c o n t r a c t  t o  NASA Headquar te rs ,  t he  O f f i c e  of  S o l a r  and Chemical Power 

Systems of the  O f f i c e  o f  Advanced Research and Technology. Phase I was 

concluded i n  Janua ry  1967. The Phase I1 p o r t i o n  o f  t h e  c o n t r a c t ,  which 

has  been monitored through Langley Research Center ,  was s t a r t e d  i n  J u l y  

1967. The f a b r i c a t i o n  and t e s t i n g  of t h e  Phase I1 demonst ra t ion  pane l s  

was completed i n  March 1969. 

Th i s  r e p o r t  cove r s  t h e  work on Phase 1 which was n o t  r e p o r t e d  

(Ref. 1) .  The s p e c i f i c  a r e a s  o f  Phase I which are documented i n  t h i s  

r e p o r t  are r e l a t e d  t o  t he  f a b r i c a t i o n ,  assembly,  and t e s t i n g  of t h e  

demonst ra t ion  pane l .  CR-75378 (Ref .  1) con t  i n s  t h e  des ign  t r a d e o f  fs ,  

tion s t u d i e s ,  and a r r a y  and mechanisms d e s i g n  which were com- 

p l e t e d  d u r i n g  Phase I .  

The r e s u l t s  o f  t h e  Phase I1 e f f o r t  a r e  a l s o  p re sen ted .  



PHASE 11 SUMMARY 

Task D e s c r i p t i o n s  

The Phase I1 development program was d i v i d e d  i n t o  f o u r  major t a s k s :  

1. Task I - Design and a n a l y s i s  of  a s o l a r  c e l l  pane l  u t i l i z i n g  

a n  aluminum hol lowcore biconvex s u b s t r a t e  and be ry l l i um frame 

2 .  Task I1 - S c a l i n g  up of  aluminum e l e c t r o f o r m i n g  process  deve l -  

opment r e p o r t e d  i n  NASA CR-66427 (Ref.. 2 ) ,  and f a b r i c a t i o n  o f  aluminum 

hol lowcore biconvex s u b s t r a t e s  

3 .  Task 111 - F a b r i c a t i o n  of  b e r y l l i u m  frame 

4 .  Task I V  - Assembly and t e s t  of Phase I1 demonst ra t ion  panels .  

The r e s u l t s  of Task I ,  i n c l u d i n g  d e s c r i p t i o n s  of t h e  r e s u l t i n g  

d e s i g n s  f o r  t h e  hardware t o  be f a b r i c a t e d  and d i s c u s s i o n s  of t h e  c r i -  

t e r i a  and methods used t o  d e f i n e  t h e  c o n f i g u r a t i o n  are presented  i n  

t h i s  part of  t h e  r e p o r t .  This  s e c t i o n  a l s o  c o n t a i n s  a d e s c r i p t i o n  o f  

t he  e l ec t r i ca l  layout  f o r  t h e  demonst ra t ion  panel  and thermal  and dy- 

namic a n a l y s e s  o f  t h e  system. 

The Task I1 s u b t a s k s  i n c l u d i n g  process  parameter s t u d i e s ,  d e s i g n  

and c o n s t r u c t i o n  of  t h e  l a r g e  e l e c t r o f o r m i n g  c e l l ,  and t h e  e l e c t r o f o r m -  

i n g  o f  t he  s u b s t r a t e s  f o r  t h e  demonst ra t ion  panels  are d e s c r i b e d  i n  

t h i s  p a r t  of  t h e  r e p o r t .  

The Task 111 d i s c u s s i o n  covers  t h e  f a b r i c a t i o n  of t he  b e r y l l i u m  

beams, magnesium hinge f i t t i n g s ,  and aluminum a t tachment  c l i p s  which 

c o n s t i t u t e  t h e  frame hardware.  
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The assembly of t h e  two Phase I1 demonst ra t ion  panels  i s  d e s c r i b e d ,  

and t h e  v i b r a t i o n ,  a c o u s t i c ,  thermal ,  and e l e c t r i c a l  t e s t s ,  which a r e  

r e q u i r e d  t o  complete Task I V ,  a r e  a l s o  r e p o r t e d .  

P r  o g r  am A ch i e v e m e  n t s 

The weight  breakdown f o r  t h e  two panels  f a b r i c a t e d  d u r i n g  Phase I1 

i s  g i v e n  i n  Tables  I11 and I V .  The p r o j e c t e d  weight  of a f u l l y  c e l l e d  

p a n e l  u s i n g  t h e  technology developed d u r i n g  Phase I1 i s  g iven  i n  Table V .  

The t o t a l  weights  are 6.054 pounds f o r  S/N 1, 5.974 pounds f o r  t h e  p a r -  

t i a l l y  c e l l e d  panel S/N 2 ,  and 5.137 pounds ( p r o j e c t e d )  f o r  a f u l l y  

c e l l e d  panel .  The p r o j e c t e d  weight  f o r  t he  f u l l y  c e l l e d  p a n e l  can be 

o b t a i n e d  by imposing c o n t r o l s  i n  two areas of f a b r i c a t i o n .  

1. The s p e c i f i e d  w a l l  t h i c k n e s s  f o r  t h e  be ry l l i um tube frame 

members was 0.010 $0.002 i n c h .  The manufacturer  of  t h e  tube h e l d  t h e  

h i g h  s i d e  of  t h e  t o l e r a n c e ,  g i v i n g  a nominal w a l l  t h i c k n e s s  o f  0.012 

i n c h .  The t o t a l  weight  of  t he  beams can be reduced from 1.40 pound as 

used  i n  t h e  demonst ra t ion  panels  t o  1 . 1 7  pound by s p e c i f i n g  a t o l e r a n c e  

inch  on w a l l  t h i c k n e s s .  The d e s i g n  c o n t a i n s  s u f f i c i e n t  of  0.0'0 -0.004 
margin of  s a f e t y  t o  a l l o w  t h i s  change w i t h  no s a c r i f i c e  i n  performance. 

The s h i f t  i n  t he  t o l e r a n c e  band w i l l  n o t  cause d i f f i c u l t y  i n  t h e  f a b r i -  

c a t i o n  p r o c e s s .  

2 .  The s k i n  t h i c k n e s s  of  the e l e c t r o f o r m i n g  holowcore s u b s t r a t e  

s p e c i f i e d  f o r  t he  demonst ra t ion  panel  i s  0.004 i n c h .  The s u b s t r a t e  f o r  

S/N 1 was p l a t e d  t o  t h i s  t h i c k n e s s  b u t  r e q u i r e d  r e p a i r  o f  t h i n  s p o t s  

and h o l e s  which developed d u r i n g  mandrel removal i n  the  nontemperature- 

c o n t r o l  a c i d  b a t h .  The e t c h i n g  of  S IN 1 took p lace  a t  a t i m e  when the  

ambient tempera ture ,  and t h e r e f o r e  the  b a t h  tempera ture ,  was extremely 

h i g h  caus ing  a c c e l e r a t e d  a t t a c k  on the aluminum, The r e p a i r  of  t h e  

s u b s t r a t e  u s i n g  aluminum-fi l led epoxy r a i s e d  t h e  weight  t o  1.84 pound. 

The s u b s t r a t e  f o r  S IN 2 was p l a t e d  t o  the  nominal t h i c k n e s s  o f  0.008 
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DESIGN AND ANALYSIS 

Design C r i t e r i a  

The Phase I1 demons t r a t ion  pane l s  were des igned  t o  w i t h s t a n d  t h e  

fo l lowing  envi ronments  : 

1. V i b r a t i o n  environment 

a .  Three sweeps o f  s i n u s o i d a l  v i b r a t i o n  from 2 t o  200 H z  a t  

1 .0  oc tave /min  w i t h  l e v e l s  of  1 .5  g-rms (2.12 g-0-peak) 

from 2 t o  50 H z  and 2.0 g-rms (2.83 g-0-peak) from 50 t o  

200 H z .  
2 

b .  Three minutes  o f  g a u s s i a n  v i b r a t i o n  a t  0 .2  g /Hz, band 

l i m i t e d  between 200 H z  and 2000 H z .  

2 .  Thermal environment  
0 Exposure i n  an  oven a t  90 C u n t i l  t h e  pane l  t empera tu re  

s t a b i l i z e s .  

3 .  Acous t i c  environment 

A t l a s  /Centaur  a c o u s t i c  spec t rum;  o v e r a l l  sound p r e s s u r e  

l e v e l  o f  146 dB. 

4 5 



‘h SPHERE 

F i g u r e  20. Geometry o €  Substrate 
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Figure  2 1 .  1:ollowcore S u b s t r a t e  S e c t i o n  
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( F i g .  1) t o  a n  a r b i t r a r i l y  chosen v a l u e  of 10 d e g r e e s .  The same r a d i u s  

was used i n  Phase 11 t o  a l l o w  use  of Phase I t o o l i n g  f o r  t h e  forming of 

t h e  mandrel .  

The planform dimensions s p e c i f i e d  were a = b = 58.13 i n c h e s .  Th i s  

area was chosen t o  accommodate t h e  c e l l  l a y o u t  shown i n  F i g .  22. The 

s q u a r e  planform i s  used € o r  t h e  fo l lowing  r e a s o n s :  

1. t h e  a rea /pe r ime  ter  i s  maximum 

2. t h e  f o u r  beams which s u p p o r t  t h e  s u b s t r a t e  can  be i d e n t i c a l ,  

which minimizes t h e  t o o l i n g  r equ i r emen t s  f o r  t h e  b e r y l l i u m  forming 

o p e r a t i o n s .  

The planform dimensions and s p h e r i c a l  r a d i u s  s p e c i f i e d  produce a 

s u b s t r a t e  which h a s  a p r o j e c t e d  area which i s  98 .9  p e r c e n t  of t he  s u r -  

f a c e  area. The edges of t h e  s u b s t r a t e  a r e  segments of small  c i r c l e s  

w i t h  a r a d i u s  of 100.64 i n c h e s .  

The mater ia l  p r o p e r t i e s  f o r  t h e  e l ec t ro fo rmed  aluminum which were 

used i n  t h e  d e s i g n  were: 

y i e l d  s t r e n g t h  - 20,500 p s i  

u l t i m a t e  s t r e n g t h  - 24,600 p s i  

modulus of e l a s t i c i t y  - 7 . 8  x 10 p s i  

e l o n g a t i o n  i n  1 inch - 10% 

6 

- p o i s s o n ' s  r a t i o  0 .33  

The s t e p s  of t h e  p r o c e d u r e ,  which was used t o  e s t a b l i s h  t h e  v a l u e s  

of t he  remaining pa rame te r s  ( d ,  h ,  2a ,  and t )  which produce t h e  optimum 

hol lowcore c o n f i g u r a t i o n ,  a r e  l i s t e d  below. Th i s  p rocedure  i s  based 

on the  r e s u l t s  o i  t e s t i n g  conducted i n  Phase I ,  which e s t a b l i s h e d  t h a t  

t h e  a l l o w a b l e  s t ress  f o r  t h e  hol lowcore d e s i g n  i s  determined by t h e  

c r i p p l i n g  s t r e n g t h  of t h e  s k i n  under compression l o a d i n g .  
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1. E s t a b l i s h  t h e  l i m i t s  on parameters  which a r e  d i c t a t e d  by 

f a b r i c a t i o n  c o n s i d e r a t i o n s .  

2 .  Determine t h e  s t i f f n e s s  requi rement  f o r  t h e  s u b s t r a t e ;  i . e . ,  

de t e rmine  t h e  d e s i r e d  f requency  r ange  f o r  t h e  f i r s t  r e sonance  of  t h e  

s u b s t r a t e .  

3. E s t a b l i s h  t h e  c r i t i c a l  e x t e r n a l  l oad ing  c o n d i t i o n  and a p p l i -  

c a b l e  dynamic m a g n i f i c a t i o n  f a c t o r s .  

4. Determine t h e  dead load  ( s o l a r  c e l l  s t a c k )  t o  be c a r r i e d  by 

t h e  s u b s t r a t e .  

5. C a l c u l a t e  t h e  membrane f o r c e s  f o r  t h e  c r i t i c a l  e x t e r n a l  l oad ing  

c o n d i t i o n  w i t h  dead load  and s t r u c t u r e  weight  a p p l i e d .  

6 .  C a l c u l a t e  t h e  d e s i g n  l i m i t  s t ress  produced by t h e  membrane 

f o r c e s  as a f u n c t i o n  of ho l lowcore  geometry.  

7 .  Apply a s a f e t y  f a c t o r  of  1.25 t o  t h e  d e s i g n  l i m i t  s tress t o  

d e t e r m i n e  t h e  u l t i m a t e  stress. 

8. C a l c u l a t e  a l l o w a b l e  stress i n  t h e  hol lowcore  s k i n  as a f u n c t i o n  

of  geometry u s i n g  t h e o r e t i c a l  buck l ing  c o e f f i c i e n t s .  

9 .  Superimpose t h e  r e s u l t s  from s t e p s  6 and 8 t o  de t e rmine  t h e  

ho l lowcore  geomet r i e s  f o r  which t h e  u l t i m a t e  s t r e s s  e q u a l s  t h e  a l l o w a b l e  

c r i p p l i n g  stress.  

10. Ca1culat .e t h e  weight  of each of the  c o n f i g u r a t i o n s  which s a t i s f y  

t h e  c o n d i t i o n s  of s t e p  9 t o  f i n d  t h e  optimum c o n f i g u r a t i o n .  

11. Check t h e  r e s o n a n t  f requency  o f  t h e  s u b s t r a t e  a g a i n s t  t h e  c r i -  

t e r i a  e s t a b l i s h e d  i n  s t e p  2 .  Check t h e  ampl i tude  of i n p u t  v i b r a t i o n  a t  

t h e  pane l  of  resonance  t o  s e e  t h a t  i t  a g r e e s  w i t h  t h e  v a l u e  used i n  

s t e p  5. 

12.  Check t h e  o v e r a l l  buck l ing  c o n d i t i o n  f o r  t h e  panel  
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Figure  2 3 .  Beryllium B e a m  Cross Sect ion  
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. - The d e s i g n  which was chosen f o r  t h e  f i t t i n g  

which i s  bonded t o  t h e  b e r y l l i u m  beams i n  each co rne r  i s  shown i n  F ig .  24. 

This  f i t t i n g  i s  e s s e n t i a l l y  a hol low b lock  w i t h  a h inge  c l e v i s  on one 

s i d e  and two c o l l e t - l i k e  s l e e v e s  on a n  a d j a c e n t  s i d e  t o  p rov ide  t h e  

bonding s u r f a c e s  f o r  t h e  beams. 

b l y  p rocedure  i s  t h e  bonding of t h e  machined cover  p l a t e  ( F i g .  25) t o  

c l o s e  t h e  open s i d e  of t h e  box. 

The l a s t  o p e r a t i o n  i n  t h e  frame assem- 

The one -p iece  machined f i t t i n g  d e s i g n  w a s  s e l e c t e d  f o r  t h i s  a p p l i c a t i o n  

t o  minimize t h e  number of bonding o p e r a t i o n s  o r  mechanica l  f a s t e n e r s  

r e q u i r e d  t o  assemble t h e  frame.  Th i s  approach s i m p l i f i e s  t h e  assembly 

procedure  and i n c r e a s e s  t h e  s t r u c t u r a l  r e l i a b i l i t y  of  t h e  frame.  

The w a l l  t h i c k n e s s  of  t h e  f i t t i n g  h a s  been made as t h i n  as t h e  

machine o p e r a t i o n  w i l l  a l l o w  w i t h o u t  t h e  u s e  of e l a b o r a t e  t o o l i n g .  This  

r e s t r i c t i o n  r e s u l t s  i n  a p a r t  which i s  overdes igned  f o r  t h e  load ing  con- 

d i t i o n s .  I n  summary, t h e  f i t t i n g  i s  des igned  by f a b r i c a t i o n ,  assembly ,  

and f u n c t i o n a l  requi rements  r a t h e r  t h a n  s t i f f n e s s  o r  s t r e n g t h  c r i t e r i a .  

The h i n g e  f i t t i n g  was machined from magnesium t o o l i n g  p l a t e ,  AZ31B,  

s i n c e  t h i s  material  i s  of low d e n s i t y  and i s  e a s i l y  machined, Dow 19 

s u r f a c e  t r e a t m e n t  was s p e c i f i e d  to  p rov ide  c o r r o s i o n  p r o t e c t i o n .  

- The a t t achmen t  c l i p  which i s  bonded t o  

t h e  edge of t h e  hol lowcore  and t o  t h e  f l a n g e  of t h e  b e r y l l i u m  beams i s  

an  aluminum e x t r u s i o n .  The c r o s s  s e c t i o n  of t h e  e x t r u s i o n  i s  shown i n  

F ig .  26. The c l i p  runs  the  f u l l  l e n g t h  of t h e  edge of t h e  hol lowcore .  

The p a r t  of t h e  c l i p  which a t t a c h e s  t o  t h e  beam i s  m i l l  c u t  a t  2 - inch  

i n t e r v a l s  t o  a l l o w  f o r  t h e  d i f f e r e n t i a l  thermal  expans ion  between 

be ry l l i um and aluminum. 
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F i g u r e  25.  Hinge F i t t i n g  Cover P l a t e  
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F i g u r e  26. Aluminum C1i.p Extrusion Cross S e c t i o n  
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The c r o s s  s e c t i o n  of t h e  e x t r u s i o n  i s  des igned  t o  p rov ide  s u f f i c i e n t  

bond a r e a  t o  ensu re  a p o s i t i v e  a t t achmen t  t o  t h e - h o l l o w c o r e  and beam 

f l a n g e ,  and t o  p rov ide  a h i n g e  j o i n t  between t h e s e  a t t a c h m e n t s .  The 

h i n g e  j o i n t  e l i m i n a t e s  bending moments and ou t -o f -p l ane  f o r c e s  a t  t h e  

boundary which i s  n e c e s s a r y  t o  j u s t i f y  t h e  assumpt ion  of a membrane 

s t a t e  of s t r e s s  used i n  t h e  a n a l y s i s  of t h e  s u b s t r a t e .  

D i e l e c t r i c .  - The d i e l e c t r i c  material s p e c i f i e d  f o r  u se  on the  

demons t r a t ion  p a n e l s  i s  1 MIL Kapton H-film. Th i s  m a t e r i a l  w a s  s e l e c t e d  

f o r  i t s  mechanica l  s t r e n g t h  and s t a b i l i t y  and f o r  i t s  h igh  d i e l e c t r i c  

s t r e n g t h .  

Adhes ives .  - The s o l a r  pane l  s t r u c t u r e  h s been des igned  t o  use  

s t r u c t u r a l  a d h e s i v e s  f o r  a l l  f a s t e n i n g  r equ i r emen t s .  This  approach was 

taken  f o r  t h e  f o l l o w i n  

1. To a c h i e v e  a uniform d i s t r i b u t i o n  of load i n t o  t h e  hol lowcore  

s k i n  

2.  To avo id  t h e  use  of mechanical  f a s t e n e r s  where j o i n t s  are b e i n  

made t o  t h e  b e r y l l i u m  beams 

3 .  To minimize we igh t .  

The 0.004-inch s k i n  on the  hol lowcore  p r e c l u d e s  the  u s e  of mechan- 

i c a l  f a s t e n e r s  which produce h igh  l o c a l  s t r e s s e s .  The con t inuous  adhe- 

s i v e  j o i n t  a long  t h e  edge of t h e  s u b s t r a t e  d i s t r i b u t e s  t h e  load from t h e  

hol lowcore  slcin i n t o  t h e  a t tachment  c l i p  by u s i n g  a l a r g e  s u r f a c e  a r e a  

and minimizing t h e  l o c a l  s t r e s s .  

R ive ted  and b o l t e d  j o i n t s  can be made i n  b e r y l l i u m  s t r u c t u r e s  i f '  

p roper  p r e c a u t i o n s  a r e  t a k e n ,  bu t  a more r e l i a b l e  d e s i g n  can  be ob ta ined  

by avo id ing  t h e  p o t e n t i a l  problems of l o c a l  c r a c k i n g  and s p a l l i n g  i n  

the  a r e a s  where f a s t e n e r s  bea r  on the  b r i t t l e  b e r y l l i u m .  
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F i g u r e  2 7 .  Wi r ing  Diagram 
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ELECTROFORMING OF ALUMINUM HOLLOFTCORE BICONVEX SUBSTRATE 

Background o f  E l e c t r o d e p o s i t  i o n  o f  Aluminum 

The f i r s t  c r i t e r i o n  i n  t h e  e l e c t r o d e p o s i t i o n  of  any m e t a l  from a n  

e l e c t r o l y t e  i s  t h a t  t he  metal d e p o s i t i o n  p o t e n t i a l  i s  lower than  t h e  

decomposi t ion  p o t e n t i a l  of  t h e  e l e c t r o l y t e .  I f  t h i s  i s  n o t  the case, 

t h e  s o l u t i o n  w i l l  decompose p r i o r  t o  t h e  d e p o s i t i o n  o f  t h e  d e s i r e d  

metal .  To i l l u s t r a t e  t h i s ,  Tab le  V I  shows t h e  h a l f  c e l l  p o t e n t i a l  o f  

v a r i o u s  metals i n  a c i d  s o l u t i o n .  By conven t ion ,  t h e  d e p o s i t i o n  or  

e v o l u t i o n  o f  hydrogen i s  t aken  a t  a z e r o  r e f e r e n c e  p o i n t ;  t h e r e f o r e ,  

i n  an aqueous e l e c t r o l y t e  which h a s  a f r e e  hydrogen i o n ,  i t  i s  theo-  

r e t i c a l l y  imposs ib l e  t o  d e p o s i t  any metal  which r e q u i r e s  a v o l t a g e  

g r e a t e r  t h a n  the  hydrogen,  as z i n c  o r  n i c k e l ,  shou ld  n o t  d e p o s i t  from 

aqueous b a t h s ,  

However , hydrogen d e p o s i t i o n  g e n e r a l l y  does  n o t  occur  a t  i t s  t h e -  

o r e t i c a l  p o t e n t i a l ,  and a hydrogen o v e r v o l t a g e  e x i s t s  which a l lows  t h e  

d e p o s i t  o f  metals up t o  approx ima te ly  0.8V above t h e  hydrogen p o t e n t i a l .  

I n  t h e  d e p o s i t i o n  of  such  meta ls ,  t h e  p a r a l l e l  p rocesses  of hydrogen 

e v o l u t i o n  and metal  d e p o s i t i o n  u s u a l l y  occur .  S ince  t h e  l i g h t  metals 

(aluminum, magnesium, b e r y l l i u m ,  and l i t h i u m )  have p o t e n t i a l s  which are 

w e l l  above t h e  hydrogen v o l t a g e ,  i t  is  c l e a r l y  imposs ib l e  t o  d e p o s i t  

them from a n  aqueous s o l v e n t  e l e c t r o l y t e .  To s o l v e  t h i s  problem, two 

c l a s s e s  o f  e l e c t r o l y t e  s o l v e n t s  (mol ten  s a l t  and o r g a n i c  s o l v e n t s )  which 

have decomposi t ion  p o t e n t i a l s  above t h e  l i g h t  metal  p o t e n t i a l s  have 

been used .  Molten s a l t  e l e c t r o l y t e s  r e q u i r e  h i g h  o p e r a t i n g  t e m p e r a t u r e s ,  

and c o n s i d e r a b l e  d i f f i c u l t y  can  be expec ted  i n  making any r e l a t i v e l y  

l a r g e  p a r t .  T h e r e f o r e ,  the e f f o r t s  a t  EOS have r evo lved  around the  use  

O F  o r g a n i c  s o l v e n t s .  I n  a d d i t i o n  t o  t h e  r equ i r emen t  t h a t  t h e  s o l v e n t  

has  a h igh  decomposi t ion p o t e n t i a l ,  t h e  e l e c t r o l y t e  must c o n t a i n  d i s -  

s o l v e d  s a l t s  o f  the  metal t o  be d e p o s i t e d ,  must be r e a s o n a b l y  conduc t ive ,  

and must enab le  d e p o s i t i o n  o f  an  a d h e r e n t ,  cohes ive  d e p o s i t .  



Work conducted p r e v i o u s l y  by Brenne r  and Conner a t  the  N a t i o n a l  

Bureau of  S t a n d a r d s  h a s  demonstrated the  a b i l i t y  t o  e l e c t r o d e p o s i t  

aluminum from a d i e t h y l  e t h e r  s o l v e n t ,  aluminum c h l o r i d e  s a l t  , l i t h i u m  

aluminum h y d r i d e  s a l t  b a t h .  S i n c e  t h e n ,  s e v e r a l  l a b o r a t o r i e s  have du- 

p l i c a t e d  and o r  have improved upon t h e  NBS p r o c e s s .  

The ear l ie r  a t t e m p t s  t o  e l e c t r o f o r m  aluminum a l l  r e s u l t e d  i n  a 

metal  t o o  s o f t  t o  be u s e f u l .  Under c o n t r a c t  NAS-16218, EOS h a s  s u c c e s s -  

f u l l y  improved t h e  aluminum p l a t i n g  b a t h  t o  provide e l e c t r o d e p o s i t e d  

aluminum w i t h  p h y s i c a l  c h a r a c t e r i s t i c s  2-112 t imes h a r d e r  t h a n  those  

from t h e  NBS b a t h .  Table  V I 1  g i v e s  the comparat ive p h y s i c a l  p r o p e r t i e s  

of t h e  two b a t h s .  

TABLE V I 1  

PHYSICAL PROPERTIES OF ALUMINUM ELECTRODEPOSITS 

S tanda rd  
e t h e r  b a t h  

Yie ld  s t r e n g t h  ( p s i )  ' 8 ,200  

a 
Y i e l d  u l t i m a t e  ( p s i )  10,400 

Modulus of e l a s t i c i t y  ( p s i  x 10 ) 

Hardness ,  knoop No. 32 

6 

Mixed 
e t h e r  b a t h  

21,400 

25,700 

10 

7 1  

E l e c t r o f o r m  Process  

Aluminum e l e c t r o f o r m i n g  may be d e s c r i b e d  as " t h e  p r o d u c t i o n  o r  r e -  

p roduc t ion  of  aluminum a r t i c l e s  by e l e c t r o d e p o s i t i o n  upon a mandrel o r  

mold t h a t  i s  subsequen t ly  s e p a r a t e d  from t h e  d e p o s i t  .I' 

E l e c t r o f o r m i n g  i s  accomplished by p l a c i n g  t h e  mandrel of  the 

a r t i c l e  t o  be formed i n  an e l e c t r o l y t e  s o l u t i o n .  Aluminum anodes are 

placed i n  the  e l e c t r o l y t e  i n  a n  arrangement t h a t  w i l l  produce t h e  de- 

s i r e d  m e t a l  d i s t r i b u t i o n  over  t he  mandrel .  A d i r e c t  c u r r e n t  i s  passed  
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Labora to ry  s t u d y  of  p rocess  parameters. - The m a t e r i a l s  used  i n  

t h e  aluminum p l a t i n g  s o l u t i o n  must be o r i g i n a l l y  anhydrous and ,  subse-  

q u e n t l y ,  be s t o r e d  and be handled  i n  a d r y  atmosphere t h a t  i s  f r e e  o f  

oxygen and carbon d i o x i d e .  

Two l a b o r a t o r y  u n i t s  of aluminum e l e c t r o f o r m i n g  assembly were s e t  

u p  t o  a s c e r t a i n  t h e  p rocess  pa rame te r s .  These u n i t s  were t o  have t h e  

same e s s e n t i a l  f e a t u r e s  as t h e  f i n a l  500-ga l  assembly ,  e x c e p t  t h a t  they  

were des igned  t o  prepare  small hol lowcore  s a m p l e s  of 6 x 7 i n c h e s .  

P i c t u r e s  showing t h e  s e t u p  and t h e  i n s i d e  o f  t h e  p l a t i n g  t a n k  a r e  g iven  

i n  F i g s  2 8 ,  2 9 ,  and 30. 

The 8 x 9 x 11 i n c h - p l a t e  t ank  w a s  c o n s t r u c t e d  o f  304 s t a i n l e s s  

s t ee l .  Both t h e  t a n k  and t h e  removable t o p  were coa ted  w i t h  Kisite 100. 

This  c o a t i n g  p r o t e c t e d  t h e  t ank  from c o r r o s i o n ,  which i n  t u r n  reduced  

t h e  l e v e l  o f  con tamina t ion  of  t he  s o l u t i o n ,  and a c t e d  a s  an  e l e c t r i c a l  

i n s u l a t o r  f o r  b e t t e r  c u r r e n t  d i s t i r u b t i o n .  The t o p  had f i t t i n g s  f o r  

n i t r o g e n  gas  and vacuum l i n e s ,  and a vacuum p r e s s u r e  gage.  

The p l a t i n g  t ank  had a s i g h t  g l a s s  t o  de te rmine  t h e  l e v e l  o f  s o l u -  

t i o n .  I n  each  t a n k  were two 318-inch-diameter  t ubes  t o  f i l l  and empty 

i t  and f o r  c i r c u l a t i o n .  The anodes and workpiece connec t ions  were 

t r a n s m i t t e d  through t h r e e  s p a r k  p lug - type ,  i n s u l a t e d  feedthroughs  

The combinat ion s t o r a g e  t anks  and h e a t  exchanger  measured 9 inches  

i n  d iameter  by 16  inches  h i g h ,  and were c o n s t r u c t e d  of  304 s t a i n l e s s  

s t e e l .  The s t o r a g e  t ank  had f i t t i n g s  f o r  n i t r o g e n  gas  and vacuum and 

a vacuum-pressure gage .  There was approximate ly  20 f e e t  of 318-inch-  

d iameter  s t a i n l e s s  s t e e l  tub ing  c o i l e d  i n  t h e  bottom 6 inches  of t he  

t ank .  Th i s  t u b i n g  performed a s  the  h e a t  exchanger .  The t ank  had two 

318-inch-diameter  t u b e  openings ,  one nea r  t h e  top and one a t  t h e  bot tom, 

f o r  f i l l i n g  and c i r c u l a t i o n  of  s o l u t i o n .  
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F i g u r e  28. Closeup of Labora tory  E lec t ro fo rming  Assembly 
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Figure 29. Complete View of Laboratory Electroforming Assembly 
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Figure 3 0 .  Ins ide  of P l a t ing  Tank of Laboratory Electroforming 
A s  s emb ly 
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For a p l a t i n g  s tudy  o p e r a t i o n ,  t h e  s o l u t i o n  was pumped from t h e  

bottom of t he  s t o r a g e  t a n k  through t h e  f i l t e r .  The f i l t e r  c o n s i s t s  of  

a s t a i n l e s s  s t e e l  hous ing  w i t h  t e t r a f l u o r o  e t h y l e n e  g a s k e t s  c o n t a i n i n g  

t h e  s e l e c t e d  f i l t e r  e l emen t .  The e l e c t r o d e p o s i t i o n  p rocess  w a s  s t a r t e d  

by a p p l y i n g  power through the  feed- throughs  i n  t h e  t a n k s .  The o r g a n i c  

p l a t i n g  s o l u t i o n s  had compara t ive ly  h igh  r e s i s t i v i t i e s  compared t o  

aqueous p l a t i n g  b a t h s ,  and s u b s t a n t i a l  v o l t a g e  d rops  were encoun te red  

i n  t h e  p l a t i n g  because  o f  t h i s  i n t e r n a l  r e s i s t a n c e .  These I R  l o s s e s  

r e s u l t  i n  c o n s i d e r a b l e  h e a t  g e n e r a t i o n  d u r i n g  t h e  p l a t i n g ;  i t  was t h e r e -  

f o r e  necessa ry  t o  c o o l  t h e  e l e c t r o l y t e .  Th i s  w a s  accomplished by c i r -  

c u l a t i n g  the  e l e c t r o l y t e  through a c o o l i n g  c o i l .  I t  was found t h a t  due 

t o  t h e  h i g h  I R h e a t  g e n e r a t i o n ,  ex t remely  h i g h - r a t e  p l a t i n g  was n o t  

p r a c t i c a l  beyond t h e  o p e r a t i n g  c u r r e n t s  of  10 t o  30 A / s q  f t .  The c o r -  

responding  v o l t a g e  was 5 t o  1 5 V .  

2 

The r e s u l t s  of  t he  p rocess  parameter  s t u d i e s  are d e s c r i b e d  below. 

C u r r e n t  d i s t r i b u t i o n :  Uniform t h i c k n e s s  was t h e  d e s i r a b l e  f e a t u r e  

i n  t h e  ho l lowcore .  A un i fo rm c u r r e n t  d i s t r i b u t i o n  over  t he  s u r f a c e  

m u s t  be a t t a i n e d  t o  ach ieve  uni form t h i c k n e s s .  The geometry of  t h e  

p o s i t i o n  of  t h e  anode and mandrel must be such t h a t  t h e  d i s t a n c e  between 

t h e  two i s  c o n s t a n t .  The uni form spac ing  w a s  accomplished by p l a c i n g  

one-inch t e t r a f l u o r o e t h y l  s p a c e r s  a l l  a long  t h e  fou r  edges  of  the  two 

e l e c t r o d e s .  The one- inch  spac ing  w a s  chosen based on the  t r a d e o f f  be- 

tween the  minimum IK drop  d i s t a n c e  and the  minimum a l l o w a b l e  d i s t a n c e .  

Th i s  avo ids  e l e c t r i c a l  s h o r t i n g  a c r o s s  the  e l e c t r o d e s  because of  t h e  

p o s s i b l e  format ion  of  long f i n e  t r e e s  growing from the  mandrel .  The 

edges of  t h e  mandrel a r e  normally the  h i g h - c u r r e n t - d e n s i t y  a r e a s .  

T r e e i n g ,  which i s  more p ro fuse  under  h igh  c u r r e n t  d e n s i t y ,  i n c r e a s e s  

the  p r o b a b i l i t y  of  e l e c t r i c a l  s h o r t i n g .  The method used ve ry  success -  

f u l l y  in p r e v e n t i n g  t h i s  edge s h o r t i n g  was t o  e n t i r e l y  s h i e l d  o f f  the  

edge a r e a s  of t he  mandrel w i t h  TFE s h e e t s .  
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t empera tu re  and c u r r e n t  d e n s i t y .  The b a t h  tempera ture  must be kept  

below t h e  p o i n t  where s u r f a c e  b o i l i n g  o c c u r s  a t  t h e  mandrel  s u r f a c e .  

The lower l i m i t  of  t h e  tempera ture  i s  governed by un reasonab le  lower ing  

o f  t h e  c o n d u c t i v i t y  and t h e  c r y s t a l l i z i n g  o u t  o f  t h e  aluminum c h l o r i d e  

from i t s  e t h e r e a l  s o l u t i o n .  When t h e  b a t h  tempera ture  i s  main ta ined  

i n  the  15 C t o  2 7  C range i t  i s  w e l l  w i t h i n  t h e  upper  and lower l i m i t s ;  

a t  t h e  same t i m e ,  i t  causes  no a p p r e c i a b l e  change i n  t h e  e l e c t r o d e p o s i t .  

The lower l i m i t  o f  c u r r e n t  d e n s i t y  i s  governed by t h e  occur rance  of  

v o i d s ,  and t h e  upper  l i m i t  i s  governed by t h e  advancing  o f  d e n d r i t e  

format ion  ( t r e e s )  and v o l t a g e .  When e l e c t r o d e p o s i t i o n  t a k e s  p l a c e  a t  

c u r r e n t  d e n s i t i e s  of  10 t o  25 amperes p e r  s q u a r e  f o o t ,  v o i d s  are n e g l i -  

g i b l e ,  d e n d r i t e  format ion  i s  l i m i t e d  t o  a t o l e r a b l e  l e v e l ,  and o p e r a t i n g  

v o l t a g e s  are i n  a p r a c t i c a l  range .  

0 0 

. - Labora tory  scale  e l e c t r o f o r m i n g  

c e l l s  were c o n s t r u c t e d  and o p e r a t e d  f o r  two purposes .  The f i r s t  purpose 

w a s  t h a t  t h e s e  c e l l s  were t o  have t h e  e s s e n t i a l  f e a t u r e s  of  t h e  500-gal  

c e l l  so  t h a t  o p e r a t i o n  d a t a  could  be g a t h e r e d  t o  de te rmine  t h e  s c a l e - u p  

f a c t o r s  i n  f i n a l i z i n g  t h e  optimum d e s i g n  o f  t h e  l a r g e  c e l l .  The second 

purpose of t h e s e  c e l l s  was t o  e l e c t r o f o r m  f l a t  samples ( 6  t o  7 i n c h e s )  

t o  v e r i f y  t h e  v a l u e s  f o r  modulus of  e l a s t i c i t y ,  y i e l d  s t r e n g t h  and u l -  

t imate s t r e n g t h  which were used i n  t h e  d e s i g n  and a n a l y s i s  of  t he  h o l -  

lowcore s u b s t r a t e .  These c e l l s  were a l s o  used  t o  e l e c t r o f o r m  s m a l l  

hol lowcore samples which were used t o  de te rmine  t h e  buck l ing  and c r i p -  

p l i n g  c h a r a c t e r i s t i c s  of  ho l lowcore  p a n e l s ,  F i g u r e s  28  and 29 show t h e  

l a b o r a t o r y  c e l l  assembly and F i g ,  30 shows t h e  i n s i d e  of  t h e  p l a t i n g  

t a n k .  

e - The 8 x 9 x El- inch 

p l a t i n g  t a n k  was c o n s t r u c t e d  o f  304 s t a i n l e s s  s t e e l ,  Both t h e  tank  and 

t h e  removable t o p  were c o a t e d  w i t h  baked p h e n o l i c  c o a t i n g .  T h i s  c o a t i n g  

p r o t e c t e d  t h e  t a n k  from c o r r o s i o n ,  which i n  t u r n  reduced t h e  contaminat ion  

7 3  



Figure 31. Aluminum Electroformed Hollowcore Sample 
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F i g u r e  32 .  I n s i d e  V i e w  of Blockhouse Showing E l e c t r o l y t e  
Mixing Tank 
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a u g e r  capab le  of d e l i v e r i n g  c o n t r o l l e d  amounts of aluminum c h l o r i d e ,  

0 .5  f t  p e r  h o u r ,  i n t o  a mixing t a n k .  The mixing t a n k  was a g l a s s -  

l i n e d  s t e e l - j a c k e t e d  t ank  w i t h  a maximum c a p a c i t y  o f  200 g a l .  Mixing 

w a s  promoted through an  a g i t a t o r  r o t a t i n g  a t  a s p e e d  between 60 and 180 

rpm.  Heat gene ra t ed  from t h e  s o l u t i o n  was removed by t h e  c i r c u l a t i o n  

o f  c o o l a n t  through t h e  c o o l i n g  j a c k e t .  A f i v e - t o n  r e f r i g e r a t i o n  u n i t  

w a s  used  t o  m e e t  t he  c o o l i n g  r equ i r emen t .  A f t e r  p r e p a r a t i o n ,  the  elec- 

t r o l y t e  was s t o r e d  i n  an  underground t ank  w i t h  a 600-ga l  c a p a c i t y .  

3 

The e l e c t r o f o r m i n g  w a s  performed i n  a p l a t i n g  t a n k  which had a n  

i n s i d e  dimension of 6 x 1 .5  x 6 f t  h i g h .  D i r e c t  c u r r e n t  was f u r n i s h e d  

by a power supply  capable  of  d e l i v e r i n g  300A a t  30V. Cool ing  was e f -  

f e c t e d  by t h e  cont inuous  c i r c u l a t i o n  o f  e l e c t r o l y t e  through a t u b u l a r  

h e a t  exchanger .  

T r a n s p o r t a t i o n  and c i r c u l a t i o n  of  e l e c t r o l y t e  among v a r i o u s  equ ip -  

ment w a s  e f f e c t e d  through the  use  o f  s e a l l e s s  pumps t o  avo id  leakage  

and p o s s i b l e  con tamina t ion .  Micro-porous cand le -  type polypropylene 

f i l t e r s  were employed t o  remove p a r t i c l e s  suspended i n  e l e c t r o l y t e .  A 

v a r i a b l e  area flow meter  was i n s t a l l e d  i n - l i n e  f o r  mon i to r ing  e l e c -  

t r o l y t e  flow r a t e .  A l l  v a l v e s  i n  the  e l e c t r o l y t e  pipe l i n e  were pneu- 

m a t i c a l l y  ope ra t ed .  Temperatures  of  t he  e l e c t r o l y t e  a t  t h e  i n s i d e  of 

t he  mixing t ank  ( a t  the  i n l e t s  and o u t l e t s  of t h e  h e a t  exchanger )  and 

t h e  p l a t i n g  t ank  were monitored by means o f  remote ly  r e a d  thermometers .  

P r e s s u r e s  i n  the  mixing t a n k ,  p l a t i n g  t a n k ,  and s t o r a g e  t ank  were d e -  

t e c t e d  through p res su re  gages .  A d r y  a i r  pump w i t h  a c a p a c i t y  of 15 cfm 

a t  5 i n .  Hg was provided f o r  a l l  e v a c u a t i o n  o p e r a t i o n s .  Dry n i t r o g e n  

w a s  fed t o  the  system by n i t r o g e n  s t o r a g e  t a n k s .  A l l  o p e r a t i o n s  were 

c o n t r o l l e d  a t  a remote ly  i n s t a l l e d  pane l  w i t h  the  fo l lowing  f e a t u r e s  

( s e e  F i g .  3 3 )  : 
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E l e c t r o l y t e  f low d iagrams 

C o n t r o l s  f o r  a l l  pneumat i ca l ly  o p e r a t e d  v a l v e s  

C o n t r o l s  f o r  vacuum valves 

C o n t r o l s  f o r  n i t r o g e n  valves 

Swi tches  f o r  d r y  a i r  pump, compressor ,  and c i r c u l a t i o n  pumps 

Flow r a t e  i n d i c a t o r  

P r e s s u r e  gages  

Temperature  gages  

A d e s c r i p t i o n  o f  major equipment i s  g i v e n  i n  Tab le  VIII. The 

en t i r e  aluminum hol lowcore  f a c i l i t y  i s  shown i n  F i g .  34.  

P r e p a r a t i o n  of t h e  aluminum p l a t i n g  s o l u t i o n .  - For d e s i g n ,  t h e  

h e a t  o f  s o l u t i o n  of aluminum c h l o r i d e  i n  w a t e r  (580 ca l /g ram)  was used 

as  a n  approximat ion  f o r  t h e  h e a t  o f  s o l u t i o n  of aluminum c h l o r i d e  i n  

e the r .  Ilowever, t h e  a c t u a l  h e a t  o f  s o l u t i o n  was somewhat s m a l l e r  a l -  

l o w s  mixing  of t h e  aluminum c h l o r i d e  a t  t h r e e  times t h e  des igned  coo l -  

i n g  c a p a c i t y .  h f t e r  t h e  aluminum c h l o r i d e  was added t o  t h e  e t h e r ,  a n  

e t h e r e a l  s o l u t i o n  o f  LiAlH was added t o  i t .  The i n i t i a l  add ing  o f  

l i t h i u m  aluminum h y d r i d e  was done v e r y  s l o w l y  t o  avo id  voluminous g a s s i n g .  

The evolved  gas  was evacua ted  t o  p r e v e n t  a p r e s s u r e  b u i l d u p  i n  t h e  mixing  

t a n k ,  The h e a t  of s o l u t i o n  of l i t h i u m  aluminum h y d r i d e ,  when added i n t o  

the aluminum c h l o r i d e - e t h e r  s o l u t i o n ,  was f a i r l y  low and no c o o l i n g  w a s  

r e q u i r e d .  The l i t h i u m  aluminum h y d r i d e  a d d i t i o n  formed some p r e c i p i t a t e .  

The p r e c i p i t a t e ,  when suppressed  i n  t h e  s o l u t i o n ,  was s e p a r a t e d  o u t  by 

c i r c u l a t i o n  th rough  t h e  f i l t e r .  The p r e p a r a t i o n  o f  500 g a l  o f  aluminum 

p l a t i n g  s o l u t i o n ,  which inc luded  the a d d i t i o n  of  aluminum c h l o r i d e  and 

l i t h i u m  aluminum h y d r i d e ,  r e q u i r e d  7 working days .  

4 

Mandrel and anode c l e a n i n g  and assembly .  - The copper  mandrel  must 

be thoroughly  c l e a n e d ,  o t h e r w i s e ,  premature p e e l i n g  and/or  b l i s t e r i n g  

o f  t h e  aluminum d e p o s i t  cou ld  r e s u l t .  The copper  mandrel  w a s  wiped 
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F i g u r e  35. Anodes-Mandrel Package f o r  T r i a l  F l a t  P l a t e  
With F r o n t  Anode Removed 
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F i g u r e  3 6 .  Glassrock Radius Die (Being F a b r i c a t e d  i n  Model Shop) 
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Figure 38. Photomicrographs of Brazed Joint 
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Figure  41. Machined Magnesium Hinge F i t t i n g  
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Assembly p rocedure .  - Fol lowing  a r e  t h e  s t e p s  i n  t h e  assembly o f  

t h e  s o l a r  p a n e l  s t r u c t u r e  : 

S t e p  1 - T r i m  t h e  s u b s t r a t e  t o  s i z e .  P l a c e  t h e  hol lowcore sub- 

s t r a t e  on t h e  concave mold, we igh t  i n  p o s i t i o n  w i t h  s h o t  b a g s ,  and 

g r i n d  t o  t h e  e x a c t  planform dimensions u s i n g  a h igh - speed  sand ing  wheel  

w i t h  t h e  mold edge p r o v i d i n g  t h e  t e m p l a t e .  

S t e p  2 - I n s t a l l  the a t t achmen t  c l i p s .  C lean  t h e  edges of t h e  

hol lowcore w i t h  M E K ,  t a c k  and t r i m  EM-123 OST f i l m  a d h e s i v e  t o  cover  

t h e  f a y i n g  s u r f a c e s .  Force t h e  c l i p s  i n  p o s i t i o n  a l o n g  t h e  edges and 

place on t h e  convex mold, l o c a t i n g  t h e  c l i p s  i n  t h e  g rooves .  Clamp t h e  

c l i p s  t o  t h e  mold and cure a t  250 F f o r  one hour .  0 

S t e p  3 - A p p l y  t h e  H- f i lm  d i e l e c t r i c .  C lean  t h e  hol lowcore convex 

s i d e  w i t h  MEK,  mix Narmco 313517111 and t h i n  w i t h  t o u l e n e .  R o l l  adhe- 

s i v e  on the  s u r f a c e  w i t h  a r u b b e r  i n k  b raye r  and c u t  6-inch-wide s t r i p s  

o f  H-f i lm.  A p p l y  a d h e s i v e  t o  the  ha l f - inch -wide  o v e r l a p  s t r i p ,  s t r e t c h  

t h e  H- f i lm  g o r e s  over  t h e  s u r f a c e  and ho ld  t e n s i o n .  Cure a t  room tem- 

p e r a t u r e  f o r  24 hour s  and t h e n  t r i m  o f f  e x c e s s  H-f i lm.  

S t e p  4 - I n s t a l l  t h e  f r ame ,  I n j e c t  t h inned  Narmco 313517111 i n  

the  grooves on t h e  a t t achmen t  c l i p s  u s i n g  s y r i n g e .  Locate  and we igh t  

t he  s u b s t r a t e  i n  place on t h e  concave mold. P o s i t i o n  the  two beams on 

o p p o s i t e  s i d e s  of t h e  s u b s t r a t e ,  working the  f l a n g e  o f  t he  beam i n t o  

the groove of t h e  c l i p ,  e x t r u d i n g  o u t  a d h e s i v e .  Hold t h e  beams i n  

p l ace  w i t h  t h e  s u p p o r t  b r a c k e t s .  Apply a d h e s i v e  t o  t h e  c o l l e t t  s l e e v e s  

of  t h e  h inge  f i t t i n g s ,  and i n s e r t  i n  t h e  ends o f  t he  two remaining 

beams forming dumbell- l i k e  s u b a s s e m b l i e s .  I n s t a l l  t he  subassembl i e s  

by working t h e  s l e e v e s  i n t o  the  beams p r e v i o u s l y  l o c a t e d ,  and t h e  f l a n g e  

i n t o  the  groove of  t h e  c l i p  s i m u l t a n e o u s l y .  C l a m p  the  beams i n  p l a c e ,  

app ly  t h e  adhes ive  t o  the hinge f i t t i n g  cover  p l a t e  f a y i n g  s u r f a c e s ,  

35 



TESTING OF THE PHASE I1 DEMONSTRATION PANELS 

The two Phase 11 demons t r a t ion  p a n e l s ,  SIN 1 and SIN 2 ,  were 

s u b j e c t e d  t o  tests t o  v e r i f y  the  a b i l i t y  of  t h e  s o l a r  pane l  s t r u c t u r e  

t o  w i t h s t a n d  t h e  v i b r a t i o n ,  a c o u s t i c  and the rma l  envi ronments  s p e c i f i e d  

i n  t h e  d e s i g n  c r i t e r i a  p o r t i o n  of  t h i s  r e p o r t .  E l e c t r i c a l  performance 

t es t s  i n  s u n l i g h t  were conducted on t h e  p a r t i a l l y  c e l l e d  p a n e l ,  SIN 2 ,  

b e f o r e  and a f t e r  t h e  env i ronmen ta l  t e s t i n g .  No e l e c t r i c a l  o r  s t r u c t u r a l  

d e g r a d a t i o n  was produced by t h e  envi ronments .  The t e s t i n g  procedures  

and r e s u l t s  are d e t a i l e d  below. The env i ronmen ta l  t es t s  w e r e  performed 

i n  t h e  fo l lowing  sequence :  (1) the rma l ,  ( 2 )  a c o u s t i c s ,  ( 3 )  v i b r a t i o n .  

T h i s  sequence was d i c t a t e d  by schedu l ing  and equipment a v a i l a b i l i t y  a t  

Ogden Technology L a b o r a t o r i e s ,  I n c .  

Thermal T e s t s  

The demons t r a t ion  pane Is were i n s t a l l e d  i n  the t empera tu re  chamber 

a s  shown i n  F i g .  4 2 .  The volume of  t h e  chamber was such t h a t  t he  i n -  

s t a l l a t i o n  of  t he  p a n e l s  d i d  n o t  i n t e r f e r e  w i t h  t h e  g e n e r a t i o n  or  main- 

tenance  o f  t he  tes t  envi ronment .  The h e a t  sou rce  w a s  l o c a t e d  where t h e  

r a d i a n t  h e a t  would n o t  f a l l  d i r e c t l y  on t h e  specimen,  Four thermocouples  

were i n s t a l l e d  on each pane l .  A thermocouple w a s  p laced  on each  major 

s t r u c t u r a l  component on each  pane l .  The thermocouple l o c a t i o n s  and t h e  

t empera tu re  d a t a  taken  d u r i n g  t h e  hea t -up  p e r i o d ,  and a 1-hour soak  a t  

a nominal chamber t e m p e r a t u r e  o f  90 C a r e  g iven  i n  F i g .  4 3 ,  0 

Acous t i c  T e s t s  

A plywood dummy specimen,  t h e  approximate s i z e  o f  t he  demons t r a t ion  

p a n e l ,  was suspended by means of  s o f t  suspens ion  cord  i n  a r e v e r b e r a t i o n -  

type  chamber. The chamber was formed and p ropor t ioned  s o  a s  t o  produce 

a d i f f u s e d  sound f i e l d  w i t h  n e a r l y  uni form ene rgy  d e n s i t y  throughout  

t h e  e n c l o s u r e  ~ The At l a s -Cen tau r  spectrum ( i n t e r n a l -  fo rward )  was s e t  
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Date S t a r t e d :  

F i g u r e  4 3 .  99 
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E l e  c t r  i c a l  Per  formance T e s t s  

E l e c t r i c a l  performance tes ts  f o r  t h e  6 x 35 c e l l  c i r c u i t  i n s t a l l e d  

on SIN 2 a r e  shown i n  F i g s .  6 1  and 6 2 .  The I-V curves  f o r  t h e  s t anda rd  

c e l l  used  for  c o n t r o l  du r ing  t h e  s u n l i g h t  t e s t s  on t h e  roof  a t  EOS a r e  

g iven  i n  F i g s .  63 and 6 4 ,  Figures  6 1  and 6 2  were p l o t t e d  be fo re  env i -  

ronmental  t e s t i n g .  F i g u r e s  63 and 6 4  a r e  t h e  r e c o r d s  of t h e  s u n l i g h t  

tests performed a t  the  comple t ion  of a l l  t e s t i n g .  The shapes  of t h e  

cu rves  taken  b e f o r e  and a f t e r  t h e  envi ronmenta l  t e s t s  are i d e n t i c a l ,  

i n d i c a t i n g  no d e g r a d a t i o n  i n  c e l l  performance. The tempera ture  of t h e  

pane l  was n o t  c o n t r o l l e d  d u r i n g  s u n l i g h t  t e s t i n g .  The changes i n  open 

c i r c u i t  v o l t a g e  and s h o r t  c i r c u i t  c u r r e n t  a r e  due t o  t h e  h i g h e r  ambient 

tempera ture  and lower s o l a r  i n t e n s i t y  du r ing  t h e  second tes t .  

The power ou tpu t  (Mil) of t h e  s i n g l e  6 x 35 c i r c u i t  i s  approximately 

8W. 
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APPENDIX A 

SUBSTRATE ANALYSIS-OPTIMIZATION OF ALUMINUM HOLLOWCORE DESIGN 

T h i s  a n a l y s i s  fo l lows  t h e  p rocedure  o u t l i n e d  i n  t h e  b a s i c  r e p o r t .  

Design R e s t r i c t i o n s  Due t o  Hollowcore F a b r i c a t i o n  P r o c e s s  

The f a b r i c a t i o n  p r o c e s s  ( e l e c t r o f o r m i n g )  o f  t he  hol lowcore p l a c e s  t h e  

foll.owing geometr ic  r e s t r i c t i o n s  on the  d e s i g n :  

1. D i s t a n c e  between h o l e s  s h a l l  n o t  be less than  0.050 inch  
(A 2 0.050 i n . )  

2 .  Hollowcore h e i g h t  s h a l l  n o t  be l e s s  t h a n  0.100 inch  f o r  a 
planform s i z e  of 5 x 5 f t  sq  (h ;r 0.100 i n . )  

3 .  S k i n  t h i c k n e s s  of ho l lowcore  s h a l l  be e q u a l  t o  or  g r e a t e r  
t han  0,002 i nch  and e q u a l  t o  o r  less than  0.006 i n c h  
(0.002 i n .  2 t ;I 0.006 i n . )  

The f i r s t  two r e s t r i c t i o n s  are  d i c t a t e d  by t h e  mandrel used i n  f a b r i c a t -  

i ng  t h e  ho l lowcore  s u b s t r a t e .  A t  p r e s e n t ,  a copper s h e e t  i s  t o  be used 

and t h e  h o l e s  i n  i t  a re  t o  be f i r s t  d r i l l e d ,  t h e n  reamed. It has  been 

found t h a t  i f  t h e  d i s t a n c e  between h o l e s  i s  l e s s  t han  0,050 inch  t h e  

o p e r a t i o n  of d r i l l i n g  a n o t h e r  h o l e  w i l l  u p s e t  and deform a p r e v i o u s l y  

e s t a b l i s h e d  a d j a c e n t  h o l e .  I f  t h e  mandrel t h i c l tnes s  i s  less than  0.100 

inch  f o r  a 5 x 5 f t  sq biconvex s h e l l ,  i t  w i l l  deform under i t s  own we igh t  

when suspended i n  t h e  e l e c t r o p l a t i n g  t ank .  

The l a s t  r e s t r i c t i o n ,  t h e  a l l o w a b l e  r ange  i n  t h i c k n e s s  of t h e  e l e c t r o -  

p l a t i n g ,  i s  d i c t a t e d  by t h e  s t a t e  of a r t  o f  aluminum e l e c t r o f o r m i n g .  

125  



Frequency R e s t r i c t i o n  on S o l a r  Panel  

There a re  two f a c t o r s  t h a t  d i c t a t e  t h e  f i r s t  r e sonance  of t h e  dernon- 

s t r a t i o n  p a n e l .  The f i r s t  i s  t h a t  i t  should f a l l  below 50 Hz so  as t o  

e x p e r i e n c e  t h e  lowest g l e v e l  a t  i t s  f i r s t  r e s o n a n t  f r equency .  The 

second i s  t h a t  i t  should be as high as p o s s i b l e  ( c l o s e  t o  50 Hz) so  as 

t o  l e s s e n  t h e  induced d i sp lacemen t  and t o  i n s u r e  t h a t  i t  w i l l  n o t  have 

a resonance t h a t  can coup le  w i t h  t h e  boos t  v e h i c l e ' s  l a r g e  a m p l i t u d e  

r e sonances  which normally f a l l  below 10 Hz. T h e r e f o r e ,  a t  t h i s  t i m e  

i t  i s  a r b i t r a r i l y  s t a t e d  t h a t  t h e  f i r s t  r e sonance  should be a p p r o x i -  

ma te ly  40 Bz. Once t h e  hol lowcore geometry and the  c e l l  s t a c k  we igh t  

a re  d e f i n e d ,  t h e  f i r s t  f requency can be c a l c u l a t e d  from t h e  f o l l o w i n g  

e q u a t i o n  developed i n  t h e  Phase I p o r t i o n  of t h e  c o n t r a c t .  The 

e q u a t i o n  i s  

where 

f l l  = pane l  f i r s t  r e s o n a n t  f requency - Hz 
h ' = e f f e c t i v e  h e i g h t  of  hol lowcore - i n .  

D = s t i f f n e s s  parameter  pe r  u n i t  l e n g t h  - l b  i n . ' / i n .  

ph = panel  s p e c i f i c  mass - l b  s e c  / i n .  

E = modules of e l a s t i c i t y  - l b l i n .  

R = r a d i u s  of c u r v a t u r e  - i n .  

2 3 

2 

and 
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I t  should be no ted  t h a t  t h i s  d e f i n e s  t h e  panel  f requency f o r  a system 

w i t h  a r i g i d  boundary. Appendix B o f  t h i s  r e p o r t  a n a l y z e s  t h e  e f f e c t  

o f  t h e  frame s t i f f n e s s  on t h e  pane l  f i r s t  r e s o n a n t  f requency.  

C r i t i c a l  Environmental  Loading and S t r u c t u r e s  
Dynamic M a g n i f i c a t i o n  F a c t o r  

Review of  t h e  s p e c i f i e d  d e s i g n  environment d e f i n e d  i n  t h e  b a s i c  r e p o r t  

i n d i c a t e s  t h a t  t h e  s i n u s o i d a l  v i b r a t i o n  o f  t h e  s t r u c t u r e  i s  t h e  most 

s e v e r e  l o a d i n g  c o n d i t i o n  € o r  t h e  s o l a r  a r r a y .  S i n c e  the  s t r u c t u r e  i s  

b e i n g  des igned  t o  have a f i r s t  r e sonance  below 50 l t z ,  t h e  i n p u t  a c c e l -  

e r a t i o n  a t  t h e  a t t achmen t  p o i n t s  w i l l  b e  1 . 5  g r m s  o r  2 . 1 2  g z e r o  t o  

peak. 

From Phase I t e s t i n g ,  i t  was found t h a t  t h e  dynamic m a g n i f i c a t i o n  

f a c t o r  f o r  t h i s  t y p e  of s t r u c t u r e  i s  abou t  40. 

The a c c e l e r a t i o n  r e s p o n s e  of t h e  s u b s t r a t e  under a s i n u s o i d a l  v i b r a t i o n  

i n p u t  as d e r i v e d  i n  Phase I (Ref. 1) i s  

where 

W = normal a c c e l e r a t i o n  of s u b s t r a t e  s u r f a c e  - g 

Q = dynamic m a n i f a c t i o n  f a c t o r  - dim. 

(:i = c u r v i l i n e a r  c o o r d i n a t e  i n  X d i r e c t i o n  - i n .  

p = c u r v i l i n e a r  c o o r d i n a t e  i n  Y d i r e c t i o n  - i n .  

vs = i n p u t  a c c e l e r a t i o n  a t  boundary - g 
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The maximum l o a d i n g  i s  a t  t h e  c e n t e r  of  t h e  s u b s t r a t e  where t h e  g load -  

ing  f o r  t h e  i n p u t  d e s c r i b e d  above i s  

o r  

W = 137.5 g z e r o  t o  p e a k  

Panel Dead Load 

The p a n e l  dead l o a d ,  t h a t  i s ,  t h e  s p e c i f i c  we igh t  a s s o c i a t e d  w i t h  h a r d -  

ware o r  s t r u c t u r e  ( i . e .  c e l l s ,  a d h e s i v e ,  e t c . )  t h a t  does n o t  c o n t r i b u t e  

t o  t h e  o v e r a l l  s t r e n g t h  o r  s t i f f n e s s  i s  d e f i n e d  as 

2 
(SpWt)cs = 0.120 l b / f t 2  = 8.33 x l b / i n .  

The s p e c i f i c  weight  i s  developed as f o l l o w s :  

I t e m  T o t a l  Weight 

C e l l  

F i l t e r  

I n  t cr c onne c t o r  s 

Ce 11 a d h e s i v e  

C i r c u i t r y  on s u b s t r a t e  

D i e l e c t r i c  

D i e  l e c  t r  i c  adhes i v e  

Tlieimal c o n t r o l  p a i n t  

1 .332 

0.329 

0 .350  

0.342 

0.038 

0 .171  

0.044 

0. I02 

Spec i f  i c  Weigh t;k 

0.05615 

0.01387 

0.01475 

0.01441 

0.00016 

0.00721 

0.00013 

0.00430 

0.11103 l . b / f t  
2 

+10'% con t  i i i g e n c y  0.01 l b / &  

;\Based on s u b s t r a t e  a r c a .  
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Membrane Forces  pe r  Unit Length 

The membrane f o r c e  p e r  u n i t  l e n g t h  varies o v e r  t h e  s u r f a c e  of  t h e  

biconvex s t r u c t u r e .  For t h e  p r e l i m i n a r y  ( f i r s t  c u t )  a n a l y s i s ,  t h e  maxi- 

mum membrane f o r c e s  a t  t h e  crown of t h e  biconvex p a n e l  were approximated 

by t h e  formula f o r  a s p h e r i c a l  s h e l l  suppor t ed  t a n g e n t i a l l y  and loaded 

by a p r e s s u r e .  The formula i s  

p = E  
2 

where 

p = membrane f o r c e  p e r  u n i t  l e n g t h  - l b / i n .  

R = r a d i u s  of c u r v a t u r e  - i n .  

p = a p p l i e d  p r e s s u r e  - l b / i n .  2 

The a p p l i e d  p r e s s u r e  i s  d e f i n e d  by 

p = (SpWt)p x G 

where t h e  g level i s  

.. 
G = W = 137.5 z e r o  t o  peak 

(A-3)  

( A - 4 )  

and t h e  s p e c i f i c  we igh t  (SpWt) o f  t h e  t o t a l  pane l  is  t h e  s p e c i f i c  we igh t  

of t h e  dead load d e f i n e d  i n  t h e  p reced ing  s u b s e c t i o n  and t h a t  c o n t r i b u t e d  

by t h e  ho l lowcore .  The n e x t  s e c t i o n  d e f i n e s  t h e  s p e c i f i c  we igh t  of t h e  

hol lowcore and t h e  t o t a l  panel  fo r  v a r i o u s  geomet r i c  parameters. 

P 
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- The s p e c i f i c  weight  o f  t h e  

hol lowcore  i s  d e f i n e d  by t h e  fo l lowing  e q u a t i o n : .  

where 

3 
= d(3n:;ity of a l c m ~ n u m  = 0.100 LbJin. 

t = t h i c k n e s s  o t  s k i n  - i n .  

d = c y i i n d e r  d i n y e t e r  - F.1. 

2a = d i s t a n c e  between c y l i n d e r  c e n t e r s  - i n .  

h = cross s e c t i o n  h e i g h t  of ho l lowcore  - i n .  

T h e  s p e c i f i c  weight  f o r  v a r i o u s  hol lowcore  geometr ic  parameters  w i t h i n  

i- i le r e s t r i c t i o n s  d e f i n e d  i n  t h e  f i r s t  s u b s e c t i o n  of  t h i s  Appendix i s  

shown i n  F i g .  A-1. This  f i g u r e  shows t h e  t o t a l  s p e c i f i c  weight  of t h e  

pane l  w i t h  t h e  a d d i t i o n  o f  t h e  dead load  s p e c i f i c  weight  d e f i n e d  i n  t h e  

p reced ing  s u b s e z t i o n .  The v a l u e  is  d e f i n e d  bv 

('pW pane 1 
-4 (spwt),c + 8.33 x 10 

2 
l b / i n .  

Membrane f o r c e  per  u n i t  l e n g t h  f o r  v a r i o u s  geomet r i c  parameters. - 
Using t h e  f i r s t  e q u a t i o n s  o f  t h i s  s u b s e c t i o n ,  A - 3  and A - 4 ,  t h e  membrane 

f o r c e  per  u n i t  l eng th  i s  d e f i n e d  i n  t h e  crown o f  t h e  s t r u c t u r e  by 

= (163*z i n ' )  (137 .5)  x (SpWt)panel K 
2 pane l  1' .= - x G x (SpWt) 



e--- 

- 
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Design Limi t  Stress i n  Hollowcore S u b s t r a t e  

Using t h e  membrane load  per  u n i t  l e n g t h  on a segment o f  t h e  hol lowcore  

d e r i v e d  i n  t h e  p reced ing  s u b s e c t i o n ,  t h e  ave rage  stress (des ign  l i m i t  

s t r e s s )  i n  t h e  hol lowcore  can be  o b t a i n e d  from t h e  fo l lowing  e q u a t i o n :  

P 
h '  

o = - -  (A-6)  

where 

0 = ave rage  working stress - p s i  

P = membrane load per  u n i t  l e n g t h  - l b / i n .  

h '  = e f f e c t i v e  h e i g h t  o f  ho l lowcore  - i n .  

The e f f e c t i v e  h e i g h t  o f  t h e  hol lowcore  i s  t h a t  c r o s s  s e c t i o n a l  area p e r  

u n i t  l e n g t h  d e f i n e d  by t h e  fo l lowing  equa t ion :  

(A-7)  

This  e q u a t i o n  d e f i n e s  t h e  assumed d i s t r i b u t i o n  of  membrane stresses 

between t h e  c y l i n d e r  walls and t h e  s u r f a c e  between c y l i n d e r s .  

Allowable Stress i n  Hollowcore 

The a l l o w a b l e  stress f o r  t he  hol lowcore  s t r u c t u r e  i s  t h e  minimum v a l u e  

f o r  one o f  t h e  f o l l o w i n g :  (1) t h e  m a t e r i a l  u l t i m a t e  stress (F ), 

( 2 )  t h e  c r i t i c a l  buck l ing  s t ress  (F ) ,  o r  ( 3 )  t h e  l o c a l  c r i p p l i n g  

stress (F ) .  The des ign  l i m i t  s t ress  (DL) i s  compared t o  t h e  a l l o w a b l e  

s t ress  (AS) u s i n g  t h e  fo l lowing  formula t o  de t e rmine  t h e  margin o f  

s a f e t y :  

t u  

c o  

cc 

- 1 > o  (A-8) 
AS 

MS = 1 . 2 5  (DL) 

132 



C r i p p l i n g  Stress o f  t h e  Hollowcore S t r u c t u r e  

From t h e  Phase  I program, i t  was de termined  t h a t  t h e  f a i l u r e  mode f o r  

the ho l lowcore  s t r u c t u r e  concept  was c r i p p l i n g  i n  t h e  s u r f a c e  between 

c y l i n d e r s .  

mated by a n  e q u i l a t e r a l  t r i a n g l e  (see F ig .  A-2) loaded i n  compression 

a l o n g  i t s  t h r e e  s i d e s .  The l e g  d imens ion(s )  o f  t h i s  t r i a n g l e  i s  

d e f i n e d  by 

It was a l s o  de te rmined  t h a t  t h i s  s u r f a c e  could  be  approx i -  

s = 4a - J3d (A-9)  

From NASA Document TN 3781, t h e  c r i t i c a l  s t ress  i n  a t r i a n g u l a r  s h e e t ,  

loaded i n  compression a long  i t s  boundary,  i s  

The c o e f f i c i e n t  (K) g iven  i n  NASA TN 3781 i s  

K = 5 f o r  s imply  suppor t ed  edges 

K = 12.5 f o r  coupled edges  

I n  Phase  I tes ts  t h e  c o e f f i c i e n t  was found t o  be K = 12 

(A-10) 

t 

I 
F i g u r e  A-2. Stress  D i s t r i b u t i o n  on T r i a n k u l a r  P l a t e  
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Optimum Hollowcore Geometry 

optimum ho l lowcore  geometry i s  d e f i n e d  as a geometry which meets t h e  

r e s t r i c t i o n s  d i s c u s s e d  i n  t h e  f i r s t  s u b s e c t i o n  of  t h i s  appendix and 

c a n  suppor t  t h e  membrane stresses d e s c r i b e d  i n  t h e  d e s i g n  l i m i t  stress 

p o r t i o n  of  t h i s  appendix  w i t h  a margin o f  s a f e t y  e q u a l  t o  z e r o .  Th i s  

set o f  geomet r i e s  i s  de termined  by super impos ing  t h e  d e s i g n  l i m i t  stress 

tiines a f a c t o r  o f  1.25 ( s e e  "Allowable Stress i n  Hollowcore,"  page 

f o r  v a r i o u s  geomet r i e s  on a p l o t  of  c r i t i c a l  c r i p p l i n g  stresses f o r  t h e  

same geometr ic  pa rame te r s .  The i n t e r s e c t i o n s  o f  two co r re spond ing  

c u r v e s  l o c a t e  t h e  optimum c o n f i g u r a t i o n s .  F i g u r e  A - 3  i s  a p l o t  of  

t h i s  a n a l y s i s .  

Minimum Weight Hollowcore C o n f i g u r a t i o n  

The s p e c i f i c  weight  a s s o c i a t e d  wi th  t h e  hol lowcore  geometry opt imized  

i n  t h e  preceding  s u b s e c t i o n  can  be o b t a i n e d  from F i g u r e  A - 1 .  The f o l -  

lowing t a b u l a t i o n  c o n t a i n s  t h i s  i n  format i o n .  

Panel  S p e c i f i c  Weight 
n 

l b / i n L  Hollowcore Specific 

x 10 -4 l b / f t 2  Weight ( l b / f t  ) 
Th i c  knes s Diameter 2 

0.001 0.07 11.47 0.165 0.045 

0.002 0.39 10.88 0.157 0.037 

0 003 0 . 7 7  10.80 0.156 0.036 

0.004 1 .23  10.73 0.155 0.035 

0,005 1.62 10.83 0.156 0.036 

0.006 2.24 10.88 0.158 0.038 

The data  i n  t h e  t a b u l a t i o n  i n d i c a t e s  t h a t  t h e  minimum weight  c o n f i g u r a -  

t i o n  f o r  t he  hol lowcore  s t r u c t u r e  u s e s  a s k i n  t h i c k n e s s  o f  0.004 inch  

and a c y l i n d e r  d i ame te r  of 1 .23  i n c h e s .  The c o n f i g u r a t i o n  s h a l l  a l s o  

be d e f i n e d  by t h e  r e s t r i c t i o n s  i n  t h e  f i r s t  s u b s e c t i o n  of  t h i s  appendix .  
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V e r i f i c a t i o n  o f  T h e o r e t i c a l  Buckl ing C o e f f i c i e n t s  

. - A series 

o f  t e n s i o n  tes ts  have  been performed on 3-mil  and 5-mil samples of 

aluminum e l e c t r o f o r m e d  i n  a mixed e t h e r  b a t h .  The purpose of t h e  tests 

was t o  v e r i f y  t h e  v a l u e s  f o r  modulus o f  e l a s t i c i t y ,  y i e l d  s t r e n g t h ,  and 

u l t i m a t e  s t r e n g t h  which were used i n  t h e  d e s i g n  and a n a l y s i s  o f  t h e  

hol lowcore  s u b s t r a t e .  The tes ts  were performed on a n  I n s t r o n  t e s t i n g  

c h i n e  which r e c o r d s  t h e  load  v e r s u s  d e f l e c t i o n  i n  a 1 - inch  gage 

l e n g t h  on a x-y p l o t t e r ,  The test  r e p o r t s  are  i n c l u d e d  i n  Tab les  A - 1  

and A-2. 

The modulus o f  e l a s t i c i t y  was c a l c u l a t e d  from d a t a  t aken  from t h e  p l o t s  

o f  t h e  l o a d - d e f l e c t i o n  h i s t o r y .  The c a l c u l a t i o n s  a re  t a b u l a t e d  i n  

Table  A-3. 

The v a l u e s  fo r  t h e  modulus of e l a s t i c i t y ,  y i e l d  s t r e n g t h ,  and  u l t i m a t e  

s t r e n g t h  which were used  i n  t h e  des ign  and a n a l y s i s  o f  t h e  hol lowcore  

are  7 .8  x 10 p s i ,  20,500 p s i ,  and 24,600 p s i ,  r e s p e c t i v e l y .  The tests 

i n d i c a t e  t h a t  t h e s e  v a l u e s  a r e  a c c e p t a b l e  f o r  d e s i g n .  

6 

- The 18 samples  shown i n  F ig .  A - 4  have been 

e t e rmine  t h e  buck l ing  and c r i p p l i n g  c h a r a c t e r -  

s .  The samples had h o l e  d i a m e t e r s  o f  0.75, 

1.00, 1.25, and 1.50 i n c h e s  and s k i n  t h i c k n e s s  r a n g i n g  from 0.003 t o  

0.006 inch .  The tests w e r e  performed on t h e  I n s t r o n  t e s t i n g  machine 

shown i n  F ig .  A - 5 .  Load v e r s u s  d e f l e c t i o n  d a t a  were r eco rded  on an  

x-y p l o t t e r .  The ends  o f  t h e  hol lowcore  samples were p o t t e d  i n  epoxy 

t o  p rov ide  s i m p l e  s u p p o r t  and uniform load  d i s t r i b u t i o n .  

A s  t h e  samples a re  loaded  i n  compression,  t h e  load  v e r s u s  d e f l e c t i o n  

records  show the t h r e e  r e g i o n s  d e p i c t e d  i n  F i g .  14-6. 
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TABLE A - 3  

MODULUS OF ELASTICITY 

Sample t 

1. 0.003 
0.0024 
0.0032 

2 .  0.003 
0.002 
0.0032 

3 .  0.005 
0.0040 
0.0052 

4 .  0.006 
0.0059 
0.0070 

Average E 

A 

0.000806 

0.000736 

0.00125 

0.00174 

P 

13.00 

14.20 

1 8 . 7 5  

2 6 . 5  

6 = 3 . 2 0 ~ 1 0  

1 

1.00 

1.00 

1.00 

1.00 

6 

0.002 

0.002 

0.002 

0.002 

E 

6 8 . 0 6 ~ 1 0  

6 9 . 6 5 ~ 1 0  

6 7 . 5 0 ~ 1 0  

7 . 6 1 ~ 1 0  6 

Probable error = 0.6745 

6 Probable error  = 0.67xI.O 
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. 

F i g u r e  A - 6 .  T y p i c a l  Load-Def l ec t ion  Curve for Compression Loading 
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The d a t a  c o n t a i n e d  i n  t h e  load v e r s u s  d e f l e c t i o n  p l o t s  can be used t o  

de t e rmine  t h e  e q u i v a l e n t  bending t h i c k n e s s  f o r  the ho l lowcore .  

E q u i v a l e n t  bending t h i c k n e s s :  The e q u i v a l e n t  bending t h i c k n e s s  i s  

determined from t h e  expe r imen ta l  d a t a ,  u s i n g  the plate-column b u c k l i n g  

l o a d .  

2 
y , X E Q  / \ 

P =  
P (1-p2> 1 2  l L2 ; 

s o l v i n g  t h e  e x p r e s s i o n  f o r  h ’  g i v e s  bending 

where 

6 E = 7.8 x 10  p s i  

p = Poisson’s r a t i o  = 0 . 3 3  

L = Length of p l a t e  column - i n c h e s  

& = w i d t h  of p l a t e  column - i n c h e s  

P = t o t a l  a p p l i e d  load  a t  i n i t i a t i o n  of p l a t e  column b u c k l i n g ,  
l b  P 

I$, = b u c k l i n g  c o n s t a n t  f o r  p l a t e  columns K,, = f (.t lLJE>; c = 1 

f o r  s imply  suppor t ed  b o u n d a r i e s .  (See F i g .  A - 7 . )  
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Figure A-7. Plate-Column Euckling Constants 
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The t h e o r e t i c a l  e q u i v a l e n t  bending  s t i f f n e s s  i s  g iven  by t h e  e x p r e s s i o n  

/ h \ 2  h 3, - l/3 
+ - ’  r 1 2 t  = - - (2a-d)  (2, h ’  

bending - a i  12 ) - -  

The c a l c u l a t e d  v a l u e s  f o r  h ’  expe r imen ta l  and t h e o r e t i c a l ,  a r e  

t a b u l a t e d  i n  Table  A - 4 ,  

t h e o r e t i c a l  v a l u e s  i n  most c a s e s .  

bending  ’ 
The expe r imen ta l  v a l u e s  a r e  w i t h i n  10% of t h e  

The nominal t h i c k n e s s e s ,  t 

were de termined  from t h e  p l a t i n g  p r o c e s s  pa rame te r s  ( c u r r e n t  d e n s i t y  

and t ime) . 

which were used i n  t h e  d a t a  r e d u c t i o n ,  N’ 

Local  c r i p p l i n g  of  t h e  s k i n :  The p a t t e r n  which forms when the  s k i n  o f  

t h e  hol lowcore  c r i p p l e s  under compression i s  shown i n  F ig .  A - 8 .  I n  

t h i s  series of t e s t s ,  t h e  s t ress  which produced t h e  c r i p p l i n g  w a s  due 

t o  t h e  combinat ion a x i a l  and bending loads  i n  t h e  pos tbuckled  p l a t e -  

column. The c o r r e l a t i o n  of  t h e  expe r imen ta l  d a t a  w i t h  the  theory  

r e q u i r e s  d e f i n i t i o n  of t h e  complex s t a t e  of  s t ress  which e x i s t s  i n  t h e  

pos tbuckled  p la te -co lumn.  To e l i m i n a t e  t h i s  d i f f i c u l t y ,  a series of 

tes ts  on very  s h o r t  p la te -co lumns ,  which w i l l  a s s u r e  c r i p p l i n g  occurs  

p r i o r  t o  Eu le r  b u c k l i n g ,  a r e  r e q u i r e d .  
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APPENDIX B 

BEAM ANALYSIS 

E s t i m a t e  o f  E f f e c t  of  Frame S t i f f n e s s  on P a n e l  Resonant Frequency 

The d e c r e a s e  i n  n a t u r a l  f requency o f  t h e  curved p a n e l  due t o  f l e x i b i l i t y  

of  t h e  frame i s  shown below. 

\ 

The f r equency  of t h e  s h e l l  i s  g i v e n  by 

where t h e  f i r s t  term i s  f l a t  p l a t e  f requency and t h e  second term i s  the 

a d d i t i o n  due  t o  c u r v a t u r e .  The second term i s  t h e  predominant term f o r  

l o w  f r e q u e n c i e s .  T h e r e f o r e ,  

E = Young's modulus 

R = Radius o f  c u r v a t u r e  

p = Mass d e n s i t y  of  s h e l l  
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To get an idea of the effect of the elastic support frame on the 

fundamental frequency, form the differential of ujll 

2E dR 2wll dwll = - - 
P R3 

Assuming the arc length, S, of the shell does not change 

S = 2RY = constant 

Then 

2R dY + 2Y dR = 0 

Also 

L = 2R sin'! 

dL = 2R COSY dY + 2 sin'f dR 

Substituting Eq. 5 in Eq. 6 

dL = (-21 COSY f 2 sin'!) dR 

s o  that 

dL 
dR = 2 (sinY - Y cosy) 

Substituting Eq. 7 in Eq. 3 gives 

- E dL 
% - 2pR 3 (Y cosy - sin") 

03-31 

03-41 
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S o l v i n g  Eq.  8 f o r  dL g i v e s  

3 

11 dwll LE! = E- (Y cosy  - sinY) w 2 E 

dLf2 can  b e  i n t e r p r e t e d  a s  t h e  d e f l e c t i o n  of t h e  frame; t h a t  i s ,  i f  

t h e  frame d e f l e c t s  dLf2 ,  t h e  f requency  i s  reduced  by dwll. 

3 
(B- LO) dL - - = f&- (Y COSY - sinY) wL1 dwll 

v2  - 2 E 

L e t  

11 dwll = K w 

Then 

2 3 
- 

v2 - E 
(Y cosy  - sin\Y) K wll 

S u b s t i t u t i n g  Eq. 2 i n  Eq.  1 2  g i v e s  

= K R (Y C O S Y  - s in ' f )  v2 

E v a l u a t i n g  Eq. 13 f o r  the  s p e c i f i c  geometry 

R = 163.25 i n  

Y = 10' = n / l 8  = 0.17453 rad  

s in"  = 0.17365 

COSY = 0.98481 
= K 163 .25  (0.17453 x 0.98481 - 0.17365) 

v 2  

(B- 11) 

(B- 12) 

(B- 13) 

v = -0.29058K 2 

151  



T o  l i m i t  t h e  d e c r e a s e  i n  t h e  frequency t o  20% of  t h e  r i g i d  boundary 

f r equency ,  v must be v 2 0.058 i n c h .  .. 
2 2 

Load D i s t r i b u t i o n  on t h e  Bery l l i um B e a m  

The maximum response  a t  t h e  c e n t e r  o f  t h e  s h e l l  w a s  p r e d i c t e d  t o  be 

137.5 g .  

-4 2 Using a p a n e l  s p e c i f i c  weight  o f  10.83 x 10 l b / i n .  , t h e  maximum 

p r e s s u r e  a t  t h e  c e n t e r  o f  t h e  p a n e l  i s  

P = 137.5 x 10.83 x = 0.149 p s i  (B- 14) 
0 

Assuming a double  s i n u s o i d a l  d i s t r i b u t i o n  o f  t h e  l o a d i n g ,  t h e  average  

p r e s s u r e  over t h e  s u r f a c e  i s  

4 
= - P = 0.0604 p s i  2 0  P 

tf a" g 
(B- 15) 

The membrane f o r c e  a t  t h e  crown of t h e  s p h e r i c a l  s h e l l  i s  

l b  163.25 i n .  

i n .  2 = 0.0604 - 2 
R - 

ps - pavg 2 

P = 4.93 l b / i n .  (B- 16)  
S 

This  load  i s  assumed t o  v a r y  s i n u s o i d a l l y  as shown i n  F i g .  B - 1 .  The 

f o r c e s  a c t i n g  on t h e  beam, PB,  are determined as f o l l o w s :  
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4.93 Ib./in. - X  

s= ss A 

F i g u r e  B - 1 .  Forces  on Biconvex S h e l l  
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E q u i l i b r i u m  o f  f o r c e s  i n  t h e  x d i r e c t i o n  g i v e s  t h e  f o l l o w i n g  e q u a t i o n :  

L L so P s i n  2 dy = so P s i n  z d y  + 2s 
S L B L 

or  

S o l v i n g  f o r  P g i v e s  B 

w 
PB = Ps - - L S  

(B- 17)  

(B-18)  

S = S s A  

where ,  S i s  t h e  l i m i t  stress i n  s h e a r  f o r  t he  hol lowcore  
S 

A i s  t h e  minimum s h e a r  area of  t h e  hol lowcore  

S w i l l  be t aken  as 3000 p s i ,  S ince  t h e  l i m i t  stress i n  t e n s i o n  i s  

about  6000 p s i ,  a s h e a r  l i m i t  stress of  3000 p s i  w i l l  g i v e  e q u a l  margin 

o f  s a f e t y  f o r  t e n s i o n  and s h e a r .  

S 

4a A =  

0.3 (O.O04)(L) 
0.3 2 A =  

L 
A = 0.00092 - 2 

L 
S = 3000 (0.00092) -rj 
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T h e r e f o r e ,  

TT 
= 4.93  - - (3000) (0 .00092)  *B 2 

PB = 0.60 l h / i n .  

The average  load ing  on t h e  beam i s  

2 
TT 

= - 0.6 = 0.38 l b / i n .  P 
B~~ G 

Analys i s  of Curved Beams i n  t h e  Suppor t ing  Frame 

D e f i n i t i o n  of  Symbols 

F i g u r e  B-2 .  Coord ina te s  and D e f i n i t i o n  of Forces  on a Segment of t h e  
Curved B e a m  

L i s t  of Symbols 

E 

G 

K = 1 / R  

Y 

GJT 

E3% 
P 

d 

Young's modulus 

s h e a r  modulus 

c u r v a t u r e  of c e n t r a l  a x i s  

c e n t r a l  a r c  

t o r s i o n a l  s t i f f n e s s  

bending s t i f f n e s s  about  Z a x i s  

t e n s i o n  (compression)  l o a d  i n  membrane l b / i n  

wid th  of beam 
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Mathematical Mode 1 

CROSS SECTION 
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Ana l y  s i s  

The s t a t e  v e c t o r s  a t  s e c t i o n s  1, 2 ,  and 3 a r e  

T23 - 8 M - V  z2  - C@2 v2 2 z2 
y2 

T3 

The t r a n s f e r  m a t r i x  which r e l a t e s  t h e s e  s t a t e  v e c t o r s  i s  shown i n  

Table  B-I. 
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The m a t r i x  r e l a t i o n s  a r e  

z2 = u z1 

z3 = u z2 

The l o a d i n g  c o n d i t i o n s  r e s u l t i n g  i n  t h e  beam from t h e  membrane f o r c e s  

can  be  c a l c u l a t e d  by forming t h e  ex tended  t r a n s f e r  m a t r i x  u s i n g  t h e  

r e l a t i o n s  i n  Table  B-11. 

N u =  

‘5 

N N N  

z2 = u z1 

cv N N  

z3 = u z2 

The m a t r i x  e q u a t i o n s  which r e l a t e  t h e  ex tended  s t a t e  v e c t o r s  a r e :  

N N N  

z2 = u z1 

z3 = u z2 
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S o l u t i o n  f o r  p a r t i c u l a r  case: 

I = LOO 

R = 163.25 i n .  

Boundary c o n d i t i o n s  

v1 = 0 

v3 = 0 

= 0 

= o  3 

TI = Tg 

== 
1 3 

e l  = 0 

e 2  = 0 

€ I 3  = 0 

The d e f l e c t i o n  normal to t h e  p l a n e  of c u r v a t u r e  of t h e  beam a t  t h e  

c e n t e r  of t h e  n for un i fo rmly  d i s t r i b u t e d  l o a d  is g iven  by 

where v = D e f l e c t i o n  a t  c e n t e r  span  
2 
P = Uniform l o a d  - l b / i n .  

MI = Bending moment a t  end of beam 
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4 R3 d cy = R (rla + r b) + - (r3a + r b) 
2 2 4 

2 Y sinY s inY 
@ = -R [ 2  COSY a + (h - COSY 

1 b = -  1 
GJT 

a - *  

Solving these expressions for the case where d = 2 . 0 0 ,  E = 42.0 x 10 6 , 
and G = 19.3 x 10 , 6 

t 

0.004 

0.006 

0.008 

0.010 

0.012 
0.014 

0.016 

v2/P 

0.32085 

0.21385 

0.16040 

0.12832 

0.10694 

0.09164 

0.08024 
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APPENDIX C 

TfIERMAL ANALYSIS 

T h i s  appendix  p r e s e n t s  t h e  a n a l y s i s  performed t o  p r e d i c t  the s t e a d y -  

s t a t e  o p e r a t i n g  tempera ture  f o r  a s u n - o r i e n t e d  hol lowcore  p a n e l  i n  e a r t h  

s p a c e ,  and t o  e s t i m a t e  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e s e  

c o n d i t i o n s .  

Ma thema t i c a  1 Mode 1 

F i g u r e  C - 1  shows a c r o s s  s e c t i o n  of t h e  hol lowcore  pane l  which d e f i n e s  

t h e  geometry and thermal  p r o p e r t i e s ,  F igu re  C-2 i s  t h e  the rma l  n e t -  

work used i n  t h e  a n a l y s i s .  R a d i a t i o n  between t h e  d i e l e c t r i c  and t h e  

aluminum hol lowcore  i s  n e g l e c t e d ,  

The q u a n t i t i e s  i n  F ig .  C-2 a r e  d e f i n e d  a s  fo l lows :  

A1 = Uni t  a r e a  on sun s i d e  

A2 

A 3  = Percen t  of u n i t  a r e a  which i s  hol lowcore  s u r f a c e  

= Percen t  of u n i t  a r e a  which exposes  H-film on back 

= A ~ ~ o ~ ~ ~ ~ v ~ ~ y  of s o l a r  c e l l  w i t h  1 m i l  f i l t e r ,  assume 
= 0.82 11 cy 

1 

= 0.80 11 = E m i s s i v i t y  of s i l i c o n ,  assume E 11 

0 = Stefan-Boltzmann c o n s t a n t ,  0.173 x 10 B t u / f t  h r  ( O R )  

1 ~ .  = F r a c t i o n  of s o l a r  r a d i a t i o n  conve r t ed  t o  e l e c t r i c i t y ,  

c 

-8 2 4 

assume = 0.0938 
2 

= I n t e n s i t y  of s o l a r  r a d i a t i o n  i n  e a r t h  space ,  130 w a t t s / f t  
Gs 
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E =  
2 

3 € =  

R 1 2  = 

- - 
R2 3 

- 
T1 - 

T 2  - 

T3 - 

- 

- 

Emissivity of Kapton H-film, assume E: = 0.80 

Emissivity of aluminum hollowcore surface with thin thermal 
control coating, c = 0.70 

Thermal resistance of cover glass, cell, cell adhesive, and 
H-film dielectric 

2 
% 

2 

Therinal resistance of dielectric adhesive and aluminum hollow- 
core 

0 Average cell temperature, R 

Average temperature of back surface of the H-film, R 0 

Average temperature of the back surface of the hollowcore 

Calculation of Percent Open Area in Hollowcore Substrate and 
1 ' A2 a A3 a and Acylinder Areas A 

1 d 2  Open area = 5 n (5) 

2 
T o t a l  area = a 
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Open a r e a  - n d 2  
T o t a l  a r e a  - 8 J-3- (x) 

d 2  % open a r e a  = 22.673 (-) a 

f o r  d = 1.25 i n .  

a = 0.65 i n .  

% open area = 83.85 

2 A1 w i l l  be t a k e n  a s  1 .0  f t  

t hen ,  

2 A 2  i s  0.8385 f t  

and,  

2 
A3 i s  0.1615 f t  

The p e r c e n t a g e  of t h e  u n i t  a r e a  which i s  conduc t ing  from t h e  f r o n t  

s u r f a c e  t o  t h e  back  s u r f a c e  is c a l l e d  Acylinders and i s  c a l c u l a t e d  a s  

fo l lows  : 

- n d t  - 
2 * c y l i n d e r s  2 6  a 

d = 1.25 

t = 0.004 

a = 0.65 

* c y l i n d e r s  = 0.0107 
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Calculation of Thermal Resistances 

- A 'cell a 'adhesive a 'H-film + -  
Ksl A1 Kadhesive *1 R12 - 

Since Tl is the average cell temperature, A Xcell is one.-half the total 

cell and spray-on coverglass thickness: 

= (0.004 + 0.001)/2 = 0.0025 in. 'cell 

0.0025 + 0.002 + 0 0 001 
R12 = 86.7 x 1 2  0.13 x 1 2  0.15 x 12 

-3 hr OF R12 = (0.0024 + 1.282 + 0.555) x = 1.84 x 10 - 
Btu 

- a 'adhesive + A 'hollowcore 

Kadhesive A3 so 1 1 owc or e *cy1 inder s 
R23 - 

0.10 + - 0.002 
R23 - 0.13 x 0.1615 x 1 2  69.4 x 0.0107 x 1 2  

-3 hr O F  
= (7.938 + 11.222) x = 19.16 x 10 R23 Btu 

Equations of Steady-State Thermal Equilibrium 

(T1 - T2) 4 (T2 - T3) 
Node 2 = A2 c 2  DT2 + 

R12 R2 3 
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S u b s t i t u t i n g  t h e  known o r  assumed q u a n t i t i e s  i n  these equakions  g i v e s  

4 Node 1 329.693 = 393.174 oTl -i- 978.261 (T1 - T2) 

Node 2 978.261 (T1 - Tz) = 329,676 GT2 4 f 93.946 (T2 - T3) 

4 Node 3 93.946 (T2 - T3) = 55.56 GT3 

4 2 If t h e  blackbody emiss ive  power (oTi) 

i n  K, r e a r r a n g i n g  and s i m p l i f y i n g  g i v e s  

i s  i n  w a t t s / i n .  and t empera tu res  
0 

4 Node 1 m1 - 0.8385 + 2.488 (T1 - T2) = 0 

4 Node 3 OT3 - 1.691 (T2 - T3) = 0 

These nonlinear e q u a t i o n s  were so lved  by i t e r a t i o n  t o  g ive  t h e  fo l low-  

i n g  resu l t s :  

Node 1 T1 = 328.10°K = 590.58'R = 130.6'F 

Node 2 T2 = 327.93'K = 590.27'R = 130.3'F 

Node 3 T3 = 327.68'K = 589,82'R = 129.8OF 

T h i s  i s  t h e  g r e a t e s t  d i f f e r e n t i a l  t h a t  would be encountered .  The panel  

i s  assumed t o  be i n  near  e a r t h  space ,  bu t  wi thout  a l a r g e  view f a c t o r  of  

t h e  e a r t h .  I n  a v e r y  l o w  o r b i t  i t  w i l l  s t a b i l i z e  a t  a h i g h e r  tempera- 

t u r e .  However, t h e  g r a d i e n t  a c r o s s  the  pane l  i s  always less s i n c e  the 

back s i d e  i s  hea ted  by s u n l i g h t  r e f l e c t e d  from t h e  e a r t h ,  
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APPENDIX D 

DYNAMIC ANALYSIS 

P r e d i c t i o n  of Fundamental Resonant Frequency of t h e  Biconvex 
S h e l l  - Simply Supported Boundary 

The n a t u r a l  f requency of t h e  biconvex s h e l l ,  assuming s imply suppor ted  

boundarys,  i s  c a l c u l a t e d  as follows: 

( s e e  EOS Report  7027-IDR, 18 May 1966, Appendix E )  

2 -6 l b  sec  2 

3 = 2.7885 x 10 Ph = 0.155 l b  sec2 f t  

i n  2 2 386 i n .  f t  (144) in .  

i h 2  1 
D = Et a -  {(Pa - d )  (F) + b} _1 

a = 0 ,65  

d = 1.25 

h = 0.10 

E = 7.8 x 10 

t = 0,004 

6 

D = 10 

n 
58.13 

- - -  - 0.05404 h l  = P1 - 

-4 2 2 2  
D(hl + Pl)  = 3.41  x 10 
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R = 163.25 

E h ' -  - 0.57071 2 R 

- -  = -  J0.20478 = 72.02 Hz 
f l l  - 2 n  

P r e d i c t i o n  of t h e  Resonant  F requenc ie s  of t h e  S o l a r  Pane l  
S t r u c t u r e  I n c l u d i n g  t h e  E l e a s t i c  E f f e c t  of t h e  Frame 

The f i r s t  s ix  r e s o n a n t  f r e q u e n c i e s  and t h e  a s s o c i a t e d  mode shapes  of  

t h e  s h e l l - f r a m e  combina t ion  have been computed u s i n g  t h e  STAR DYNE 

s t r u c t u r a l  a n a l y s i s  r o u t i n e  on t h e  C o n t r o l  Data  C o r p o r a t i o n  6600 d i g i t a l  

computer.  

Mathemat ica l  Model. - The geometry of t h e  mathemat ica l  model used  i n  t h e  

computer a n a l y s i s  i s  shown i n  F ig .  0-3.  One quadran t  of t h e  p a n e l  s t r u c -  

t u r e  was modeled, and t h e  c o n d i t i o n s  o f  symmetry were used t o  e s t a b l i s h  

a p p r o p r i a t e  boundary c o n d i t i o n s  f o r  symmetric and an t i symmet r i c  modes. 

The s t i f f n e s s  matrix f o r  t h i s  model w a s  c o n s t r u c t e d  us ing  t h e  e l emen ta l  

s t i f f n e s s  matricies f o r  homogeneous, f l a t ,  t r i a n g u l a r  p l a t e s  and uniform 

c r o s s - s e c t i o n a l  s t r a i g h t  beams. The s t i f f n e s s e s  of t h e  p l a t e s  were de- 

r i v e d  based on t h e  e q u i v a l e n t  t h i c k n e s s  and mechanica l  p r o p e r t i e s  of 

e l e c t r o f o r m e d  aluminum hol lowcore .  The s t i f f n e s s e s  o f  t h e  beam e lements  

were d e r i v e d  based on t h e  mechanica l  p r o p e r t i e s  of c r o s s - r o l l e d  b e r y l -  

l ium s h e e t .  The s e c t i o n  p r o p e r t i e s  of  t h e  aluminum and magnesium beam 

e lemen t s  were s c a l e d  t o  e q u i v a l e n t  be ry l l i um s e c t i o n s .  
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The mass of  t h e  pane l  was lunped a t  t h e  nodes of t h e  model. The 

c a l c u l a t i o n  of t h e  d i s t r i b u t i o n  i s  inc luded  i n  S-ubsection 2.2.2.2,5. 

Each o f  t h e  s e t s o f  t h r e e  c o o r d i n a t e s  which d e f i n e  t h e  p o s i t i o n  o f  a 

t r i a n g u l a r  p l a t e  e lement  i s  connected w i t h  two p l a t e  e l emen t s  i n  t h e  

mathemat ica l  model. One p l a t e  h a s  t h e  e q u i v a l e n t  t h i c k n e s s  of t h e  

hol lowcore  based  on a r e a ,  and c a r r i e s  i n - p l a n e  l o a d s  only .  The o t h e r  

p l a t e  h a s  t h e  e q u i v a l e n t  t h i c k n e s s  based on c r o s s  s e c t i o n a l  moment of  

i n e r t i a ,  and c a r r i e s  bending and t r a n s v e r s e  s h e a r  l oads .  

C a l c u l a t i o n  of i n p u t  f o r  computer a n a l y s i s .  - The e q u i v a l e n t  s t i f f n e s s  f o  

f o r  t h e  b a r s  which s i m u l a t e  t h e  c l i p  and a t t achmen t  t o  t h e  be ry l l i um b 

beam was c a l c u l a t e d  as fo l lows :  

The mathemat ica l  model i n  F ig .  D-2 s i m u l a t e s  t h e  e lement  shosn  i n  

F ig .  D-3. 

The d e f l e c t i o n  of a c y l i n d e r ,  of l e n g t h  under  a l i n e  load P = p 1 , i s  

518 R 3 / 4  Q1/2  

t 914 E 
(from Roark) 5 ,  = 0.0305 c12 (1 - v 2 ) 1  

The d e f l e c t i o n  of t h e  model e lement  i s  

- -  PRE 5 ,  - EA 

The a r e a  of t h e  model e lement  i s  ob ta ined  by e q u a t i n g  t h e s e  two ex-  

p r e s s i o n s  and s o l v i n g  f o r  A ,  

R c ,914 

1 7  6 



F i g u r e  D - 2 .  Mathematical  Model 

F i g u r e  D - 3 ,  Section of the I>ery%liurn  Ceam 

1 7 7  



RE = 1.0 in. 

t = 0.012 in. 

R = 1.0 i n .  

4 = 4.15 in. 

= 0.1 

(0.012) 9 / 4  
A =  

0.0305 [ 1 2  ( 0 . 9 9 )  I5l8 ( 4 . 1 5 )  

4 .76 - 6 x 
0.0305 ( 5 . 3 3 )  (2 .03715)  

A =  

A = 1.44 x in. 2 

The torsional deflection of the mathematical model is 

The corresponding deflection of the actual member is 

The torsional stiffness constant for the model is obtained by equating 

these expressions, 

RE = 1.0 in. 

R = 4.15 in, 
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6 
E = 42 x 10 p s i  

G = 20 x 10 6 p s i  

I = n R3T = 0.03769 

The bending s t i f f n e s s e s  about  t h e  5, and 5, a x e s  a r e  l a r g e ,  i . e . ,  t h e  

b a r s  connec t ing  j o i n t s  such a s  36  and 45,  44 and 53, e tc . ,  a r e  e s s e n t i a l l y  

r i g i d  members i n  bending.  The e l emen t s  w i l l  be a s s i g n e d  a s e c t i o n  moment 

of  i n e r t i a  of 0.2 in .4  about  bo th  3 "  

The s e c t i o n  p r o p e r t i e s  of t h e  b e r y l l i u m  beam a r e  

3 2 Area = A nr t = 2n (1.0)  (0 .012)  = 0.07538 i n .  

T o r s i o n a l  J = 2nr3t = 0.07538 

Bending I = nr3t = 0.03769 

2'1 + + 0.51 4 + 3v Shear  c o e f f i c i e n t  K = 

6 
E = 42 x 10 p s i  Young's modulus 

The s e c t i o n  p r o p e r t i e s  of t h e  aluminum hol lowcore  are c a l c u l a t e d  below. 

The e q u i v a l e n t  membrane t h i c k n e s s  of t h e  aluminum hol lowcore i s  

h 3 d  h '  = [ 2  + a  - 2 (;)I t = 0.00195 

For  

h = 0.10 

a = 0.65 

d = 1.25 

t = 0.004 
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The e q u i v a l e n t  t h i c k n e s s  of t h e  hol lowcore ,  based on bending s t i f f n e s s ,  

i s  

= 0.02475 
h iend  

6 
The modulus of e l ec t ro fo rmed  aluminum i s  7.8 x 10 p s i ;  P o i s s o n ' s  

r a t i o  i s  0.33. 

The s e c t i o n  p r o p e r t i e s  of t h e  end f i t t i n g  a r e  

1 
2 A = - ( 2 b t  f r b t )  

Average = 3b t  = 0.360 

A model 81-82 = (0.360) = 0.05571 
E BE 

The t o r s i o n a l  s e c t i o n  i s  

= ( b t f - j - b t )  3 2 3  
J~~~ 

3- 
J 

c 

= 8 (0.060) -k 1.333 (0.06) 
L 

= 0.48 
J~~~ 

= -  E~~ ( 0 . 4 8 )  = 0.07 
E BE ' 81 -82  
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The bending s e c t i o n  moment-of - iner t ia  i s  

I 

I 

I 

2 1 3  
2 b t  (5) b -k 2 5 t b  

0.060 (5.333) = 0.31999 

(0.3%) = 0.04952 - -  - 
'mode 1 E 

The weight  d i s t r i b u t i o n  was developed as d e s c r i b e d  below. 

The e f f e c t s  of r o t a r y  i n e r t i a  w i l l  be n e g l e c t e d .  

Each node of t h e  s h e l l  no t  on t h e  o u t s i d e  boundary w i l l  be  a s s igned  

the  weight  c o r r e s p o n d i n  t o  4.15 i n ,  2 2 

2 x 4.15 i n e 2  = 0.01853 l b  €2 Ws = 0.155 - x 2 
f t 2  144 i n .  

The nodes on t h e  boundary of  t h e  s h e l l  w i l l  be a s s i g n e d  a weight  which 

i n c l u d e s  t h e  weight  of t h e  c l i p ,  

4.15 x 0,018 --) l b  
f t  = 1 / 2  ws + (--i7y-- wBS 

= 0.009265 4- 0.00622 = 0,01549 l b  
'BS 
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The nodes on t h e  c e n t e r  l i n e  of 

weight  c a l c u l a t e d  a s  f o l l o w s :  

= PAL = 0,065 7 l b  

i n .  'BE 

t h e  b e r y l l i u m  beam w i l l  be a s s i g n e d  a 

2 
x 0.07539 i n .  x 4.15 i n .  

= 0.02033 l b  
wBE 

J o i n t s  79 and 80 w i l l  have 1 / 2  WBE 

J o i n t  81 w i l l  have t h e  weight  of t h e  h inge  f i t t i n g  

= 0.10 l b  wF 

No weight  w i l l  be a s s i g n e d  t o  j o i n t  82 .  

. - The f i r s t  six symmetric modes and asso- 

c i a t e d  n a t u r a l  f r e q u e n c i e s  of t h e  s o l a r  pane l  s t r u c t u r e  have been d e t e r -  

mined by e x t r a c t i n g  t h e  lowes t  s i x  e i g e n v a l u e s  and e i g e n v e c t o r s  from t h e  

set  of e q u a t i o n s .  

where: 

[K] = s t i f f n e s s  mat r ix  (492 x 492) 

[MI = d iagona l  mass m a t r i x  

2 
= ( 2 n  f r )  = rth e i g e n v a l u e  

2 w 
r 

( r )  t h  
4 - r e i g e n v e c t o r  
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The boundary c o n d i t i o n s  were set t o  g i v e  ero r o t a t i o n  abou t  t h e  X axis 2 
a t  nodes on t h e  l i n e  1 t o  37 and z e r o  r o t a t i o n  about  t h e  X1 ax is  a t  

nodes on t h e  l i n e  1 t o  45. These c o n d i t i o n s  e s t a b l i s h  t h e  symmetric 

modes. The f i r s t  s ix  n a t u r a l  f r e q u e n c i e s  of  symmetric modes are:  

55 0 94 

65 a 6 5  

7 1 . 1 1  

82 6 5  

87 .73  

109 (I 6 6  

T h i s  a n a l y s i s  shows t h a t  t h e  e l a s t i c  boundary c o n d i t i o n s  produced by 

t h e  beryllium frame s t r u c t u r e  r educe  t h e  f r equency  of t h e  s h e l l  from 

7 2 Hz , c a l c u l a t e d  p r e v i o u s l y  ., t o  5 5 . 7 4  

O v e r a l l  Buckling of S u b s t r a t e  

The c r i t i c a l  p r e s s u r e  f o r  o v e r a l l  b u c k l i n g  of t h  

g i v e n  by 3 

Using t h e  v a l u e s  f o r  t h e  pa rame te r s  l i s t e d  with t h e  n a t u r a l  f requency 

c a l c u l a t i o n ,  
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3.141 + lom4 3. 0.57071) 

* 2 5  (0.00584) 2 

2 x 0.57105 = 1.2 p s i  'CR I = 163.25 (0.00584) 

The margin of s a f e t y  of o v e r a l l  buck l ing  i s  

c r i t i c a l  p r e s s u r e  - 
MS = a p p l i e d  p r e s s u r e  x FS 

A c o n s e r v a t i v e  e s t i m a t e  of t h e  maximum a p p l i e d  p r e s s u r e  i s  a - t a ine r  by 

m u l t i p l y i n g  t h e  pane l  s p e c i f i c  weight  by t h e  maximum p r e d i c t e d  a c c e l e r a -  

t i o n  r e s p o n s e .  

c e n t e r  of t h e  p a n e l .  

o i d a l  d i s t r i b u t i o n  ( z e r o  on t h e  b o u n d a r i e s ,  maximum a t  t h e  c e n t e r ) ,  

b u t ,  f o r  t h i s  c a l c u l a t i o n ,  t h e  maximum p r e s s u r e  w i l l  be assumed t o  ac t  

over  t h e  e n t i r e  s u r f a c e .  Then, 

The maximum r e s p o n s e  i s  p r e d i c t e d  t o  be 137.6 g a t  t h e  

The a c t u a l  e f f e c t i v e  p r e s s u r e  w i l l  f o l l o w  a s i n u s -  

Appl ied  p r e s s u r e  = 137.5 (SpWt) Panel  

= 137.5 (0.00176) 

= 0.148 p s i  

The margin  of s a f e t y  i s  

- 1 = 5.49 1.20 
0.148 x 1.25 MS = 
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APPENDIX E 

SAFETY AND OPERATING PROCEDU1IES 

S a f e t y  

. - The e l e c t r o f o r m i n g  c e l l  was eng inee red  

f o r  maximum c o n t r o l  of  the  envi ronmenta l  v a r i a b l e  which i s  known t o  

r e a c t  w i t h  any o r  a l l  of  t he  e t h e r e a l  p l a t i n g  s o l u t i o n  c o n s t i t u e n t s .  

Should t h e r e  be a n  a c c i d e n t a l  e x p l o s i o n  o r  f i r e ,  t h e  housing has  been 

des igned  f o r  a c o n t r o l l e d  r e l e a s e  o f  any excess p r e s s u r e  ( d i r e c t e d  away 

from pe r sonne l  and equipment)  and e x t i n g u i s h i n g  of f i r e .  The above 

p r o v i s i o n s  were implemented by the  f o l l o w i n g :  

1. The p l a t i n g  room w i l l  suppor t  a maximum e x p l o s i v e  c o n d i t i o n  

i n v o l v i n g  less than  1 g a l  of  d i e t h y l  e t h e r  s o l v e n t ,  based on t h e  s t o i -  

c h i o m e t r i c  p r i n c i p l e  o f  oxygen t o  f l a m a b l e  m a t e r i a l  r a t i o .  

2 .  The f a c i l i t y  has  a r e l e a s e  w a l l  c o n s t r u c t e d  t o  r e l i e v e  e x c e s s  

p r e s s u r e  of approximate ly  25 t o  30 p s i .  

3 .  A l l  equipment i s  e x p l o s i v e - p r o o f ,  C l a s s  I ,  D i v i s i o n  11, as 

s p e l l e d  o u t  i n  A r t i c l e  2 2 ,  T i t l e  8 ,  S t a t e  o f  C a l i f o r n i a  D i v i s i o n  of  

I n d u s t r i a l  S a f e t y  E l e c t r o n i c  O r d e r s .  A l l  equipment i s  grounded i n t e r -  

n a l l y  as w e l l  a s  e x t e r n a l l y ,  

4 .  T h i s  room i s  v e n t i l a t e d  b y  a once-through a i r  change p e r  

minute s y s t e m  w i t h  pickups a t  f l o o r  l e v e l .  

5 .  An Ansul  No. 150 d r y  chemical  dump s y s t e m ,  t h e  , s e n s i n g  heads 

o f  which are a c t u a t e d  b y  a r a p i d  r a t e  o f  r i s e  t o  160 F ,  p rovides  f i r e  

c o n t r o l .  The a i r  v e n t i l a t i o n  system i s  i n t e r l o c k e d  t o  s h u t  down p r i o r  

t o  d i s c h a r g e  of  t h e  d r y  chemica l .  A d d i t i o n a l l y ,  t he  dump s y s t e m  

a c u a t e s  an a i r - h o r n  a la rm,  

0 
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P e r s o n n e l  c o n t r o l .  - Only pe r sonne l  a s s i g n e d  t o  t h e  aluminum e l e c t r o f o r m i n g  

program, and s a f e t y  and s e c u r i t y  p e r s o n n e l ,  have access t o  t h e s e  f a c i l i -  

t i e s .  EOS o r  Government v i s i t o r s  must clear through t h e  manager o f  

t h i s  program. V i s i t o r  access t o  t h i s  f a c i l i t y  f o r  o b s e r v a t i o n  must be 

c l e a r e d  through the  S a f e t y  Systems manager. A l l  pe r sonne l  are indoc-  

t r i n a t e d  and t r a i n e d  t o  handle  emergency s i t u a t i o n s .  The Pomona F i r e  

Department u n i t s  who w i l l  respond t o  a f i r e  c o n d i t i o n  have been indoc-  

t r i n a t e d  and f u r n i s h e d  s a f e t y  in fo rma t ion .  

. - I f  i t  i s  necessa ry  f o r  t h e  o p e r a t o r  t o  s h u t  

down d u r i n g  p l a t i n g  because of  a m a l f u n c t i o n  i n  the  sys tem which may 

p r e s e n t  a hazardous  c o n d i t i o n ,  one o f  t h e  o p e r a t o r s  w i l l  c a l l  222 and 

have t h e  guard s t a n d  by. The guard w i l l  n o t i f y  Pomona P l a n t  S a f e t y ,  

ex  t e n s  i o n  45 1. 

I f  a f i r e  o r  e x p l o s i o n  occur s  i n  t h e  p l a t i n g  f a c i l i t y ,  the  p l a t i n g  op- 

e r a t o r  w i l l  n o t i f y  P l a n t  S e c u r i t y ,  e x t e n s i o n  222.  The guard w i l l  c a l l  

t h e  Pomona F i r e  Department and t h e  Pomona S e c u r i t y  O f f i c e r  (who w i l l  

n o t i f y  t h e  n u r s e  and d o c t o r ,  and make any necessa ry  announcements over  

t h e  p u b l i c  a d d r e s s  s y s t e m .  

P e r s o n n e l  w i l l  r e t r ea t ,  when i t  is  s a f e ,  t o  t h e  main e n t r a n c e  of  t h e  

p l a t i n g  area and don s p e c i a l  f i r e  f i g h t i n g  g e a r .  Dry chemica l  wheel  

u n i t s  w i l l  be r e a d i e d  f o r  a c t i o n .  Pe r sonne l  are - n o t  t o  a t t e m p t  t o  

f i g h t  t h e  e t h e r  f i r e  bu t  t o  c o n t a i n  i t .  Pe r sonne l  should  remain up-wind 

from f i r e  and fumes. 

Pe r sonne l  i n  charge  of  t he  f a c i l i t y  w i l l  meet t h e  incoming f i r e  t r u c k s  

and b r i e f  t h e  f i r e  c a p t a i n .  Only e t h e r  p l a t i n g  pe r sonne l  and s a f e t y  

and s e c u r i t y  pe r sonne l  a r e  pe rmi t t ed  access t o  t h e  a r e a .  S e c u r i t y  and 

s a f e t y  pe r sonne l  will keep the  area clear o f  o t h e r  employees.  

a r e  t o  ramain i n  t h e  main b u i l d i n g s .  

Employees 
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S a f e t y  equipment .  - Each o p e r a t o r  s h a l l  have t h e  f o l l o w i n g  minimal 

s a f e t y  equipment:  

1. f i r e - r e t a r d a n t  smock 

2 .  f a c e  s h i e l d  

3 .  f a c e  mask - mild  c a u s t i c  

4 .  g l o v e s  

5 ,  s a f e t y  shoes  and grounding w i r e .  

The f o l l o w i n g  f i r e  f i g h t i n g  equipment s h a l l  be a v a i l a b l e :  

I. t he rma l  b a r r i e r  s u i t  

2 .  150 l b  r o l l - t a n k ,  d r y  chemical  f i r e  e x t i n g u i s h e r  

3 .  20 l b  Ansul  f o r a y  e x t i n g u i s h e r  

4 ,  S c o t t  b r e a t h i n g  equipment 

A l l  i n c i d e n t s  and a c c i d e n t s  w i l l  be reviewed by a n  ad  hoc committee 

composed of t h e  managers of  p l a t i n g  o p e r a t i o n s ,  s a f e t y  s y s t e m s ,  and 

f a c i l i t y  e n g i n e e r i n g .  

0 p e r  a t i n g  Procedure 

The e l e c t r o l y t e  used i n  the  p l a t i n g  o p e r a t i o n  i s  flammable and ,  i n  some 

c i r c u m s t a n c e s ,  e x p l o s i v e  A l s o ,  s o l v e n t s  such as aluminum c h l o r i d e  and 

l i t h i u m  aluminum hydr ide  a r e  p o t e n t i a l l y  hazardous under  c e r t a i n  

c o n d i t i o n s  

I n  o r d e r  t o  avo id  u n s a f e  c o n d i t i o n s ,  a l l  equipment must be maintained 

i n  s a f e  o p e r a t i n g  cond ic ion  and s a f e t y  p rocedures  must be adhered t o  

d u r i n g  o p e r a t i o n .  
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The fo l lowing  o p e r a t i o n a l  p rocedures  f o r  l o a d i n g ,  mixing,  p l a t i n g ,  and 

equipment s e r v i c i n g  s h a l l  be u s e d .  

i s  shown i n  F i g .  E - 1  and a n  o p e r a t i o n a l  f low p lan  i s  i l l u s t r a t e d  i n  

F i g .  E-2 .  

A c o n t r o l  pan61 s c h e m a t i c  diagram 

F l u s h i n g  o f  t h e  e l e c t r o f o r m i n g  c e l l .  - The a i r  i n  t h e  e n t i r e l y  e n c l o s e d  

e l e c t r o f o r m i n g  c e l l  n u s t  be r e p l a c e d  w i t h  n i t r o g e n .  

1. Mixing t a n k  

a .  Close v a l v e s  Nos. 15 and 1 7  and the b u t t e r f l y  v a l v e  l e a d i n g  

t o  t h e  mixing t a n k .  C lose  t h e  112 i n .  and 318 i n .  v a l v e s  

i n  t h e  glove box. 

b .  Open t h e  n i t r o g e n  v a l v e  and p r e s s u r i z e  t h e  mixing t a n k  t o  

5 p s i g .  

c .  Open t h e  vacuum v a l v e  and evacua te  t h e  mixing t a n k  t o  

10 i n .  Hg. 

d ,  Repea t  s teps  b and c f o r  a t o t a l  of 10 c y c l e s ,  

e .  F i l l  t h e  mixing t a n k  w i t h  n i t r o g e n  g a s  t o  1 p s i g .  

2 .  S t o r a g e  t a n k  

a .  Close v a l v e s  Nos. L O ,  13,  18, and 19 .  

b .  Open t h e  n i t r o g e n  v a l v e  and p r e s s u r i z e  t h e  s t o r a g e  t a n k  

t o  5 p s i g .  

c .  Open t h e  vacuum v a l v e  and e v a c u a t e  t h e  s t o r a g e  t a n k  t o  

10 i n .  Hg of vacuum. 

d .  Repeat s t eps  b and c f o r  a t o t a l  of  5 c y c l e s .  

e ,  F i l l  t h e  s t o r a g e  t a n k  w i t h  n i t r o g e n  gas t o  1 p s i g .  

3 .  P l a t i n g  t a n k  

a .  Close v a l v e s  Nos. 14 and 16 .  

b .  Open t h e  n i t r o g e n  v a l v e  and p r e s s u r i z e  t h e  p l a t i n g  t a n k  

t o  5 p s i g .  

c .  Open t h e  vacuum v a l v e  2nd evacua te  t h e  p l a t i n g  t a n k  t o  

10 i n .  Hg o f  vacuum. 
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d .  Repeat  s t e p s  b and c f o r  a t o t a l  o f  5 c y c l e s .  

e .  F i l l  t h e  p l a t i n g  t a n k  w i t h  n i t r o g e n  gas  t o  1 p i g .  

4 .  E l e c t r o l y t e  l i n e s  , f i l t e r s ,  pumps and h e a t  exchanger  

E l e c t r o l y t e  l i n e s  , f i l t e r s ,  pumps and h e a t  exchangers  can n o t  

be f lu shed  a l o n e .  They must be f lu shed  t o g e t h e r  w i t h  o t h e r  

p i e c e s  of equipment such a s  a p l a t i n g  t a n k .  The fo l lowing  

procedure demonst ra tes  such an  o p e r a t i o n :  

a .  Open a l l  v a l v e s ,  e x c e p t  Nos. 10 ,  11, 13,  1 5 ,  1 7 ,  18, 1 9 ,  

and hand v a l v e s  Nos. 2 and 3 .  

b .  Follow steps 3-b,  c y  d ,  and e .  

. - The fo l lowing  procedure cove r s  t h e  t r a n s f e r  

of f l u i d  from 55-ga l  drums t o  the  s t o r a g e  t a n k  or  t h e  mixing t ank .  A l l  

55 -ga l  drums o f  d i e t h y l  e t h e r  o r  a n i s o l e  load ing  i n t o  the  s t o r a g e  t a n k  

o r  mixing t a n k  a r e  handled  under  t h e  c o n d i t i o n s  l i s t e d  below. 

1. A l l  55-gal  drums a r e  grounded t o  t h e  f a c i l i t y  grounding system 

and grounding i s  n o t  removed u n t i l  a l l  l i n e s  have been d i sconnec ted .  

2 .  P r i o r  t o  t r a n s f e r r i n g  t h e  e t h e r  t o  t h e  s t o r a g e  t a n k  o r  t he  

mixing t a n k ,  t h e  drum i s  purged wi th  d r y  n i t r o g e n  gas  t o  d r i v e  o f f  a l l  

a i r  t h a t  may have been in t roduced  t o  t h e  drum whi le  hooking up the  

t r a n s  f e r  l i n e s  . 

3. Personne 1 s h a l l  observe  t h e  fo l lowing  s a f e t y  procedures :  

a .  The t r a n s f e r  o f  s o l v e n t s  i s  a 2-man o p e r a t i o n .  

b ,  A l l  pe r sonne l  s h a l l  wear f i r e - r e t a r d a n t  smocks, f a c e  s h i e l d s  

and p r o t e c t i v e  g l o v e s .  

C .  F i r e  f i g h t i n g  equipment s h a l l  be ready  f o r  u s e  a t  a l l  

times. 

d .  The 55 -ga l  drums o f  e t h e r  o r  p l a t i n g  s o l u t i o n  s h a l l  n o t  

be s t o r e d  on t h e  premises  over 48 h o u r s .  
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A f t e r  t h e  e l e c t r o f o r m i n g  s y s t e m  has  been p r o p e r l y  f l u s h e d ,  t h e  f l u i d  

can be i n t r o d u c e d  i n t o  t h e  s t o r a g e  t a n k  a c c o r d i n g  t o  t h e  fo l lowing  

procedure  ; 

1. Connect t h e  n i t r o g e n  l i n e  and t h e  f l e x i b l e  i n t a k e  l i n e  t o  t h e  

b a r r e l  w i t h  t h e  hand v a l v e ,  H2, c l o s e d .  

2 .  Open v a l v e s  Nos. 11, 4 ,  1, 5 ,  8 ,  9 ,  6 ,  10 (No. 15 f o r  mixing 

t a n k ) ,  a s  w e l l  a s  hand va lve  H which i s  t o  be k e p t  open a t  a l l  times, 1’ 

3 .  Open t h e  vacuum v a l v e ,  evacua te  and m a i n t a i n  the  s t o r a g e  t ank  

a t  5 i n .  Hg of  vacuum. 

4 .  Open t h e  n i t r o g e n  v a l v e ,  p r e s s u r i z e  and ma in ta in  t h e  ba r r e l  

a t  10 p s i g .  

2‘ 5 .  Open t h e  hand v a l v e  H 

2’ 6 .  Wait 30 seconds and t u r n  on pumps P and P 1 

7 .  When a l l  e t h e r  has  been t r a n s f e r r e d ,  ( a s  i n d i c a t e d  by t h e  

2 f low m e t e r ) ,  t u r n  o f f  pumps P1 and P immedia te ly .  

8 .  Close  v a l v e s  Nos. 11, 4 ,  1, 5 ,  8 ,  9 ,  6 ,  10 (No. 15 f o r  mixing 

t a n k ) ,  and H2. 

9 .  Open t h e  n i t r o g e n  va lve  and p r e s s u r i z e  t h e  s t o r a g e  t a n k ,  

(mixing t a n k ) ,  t o  1 p s i g .  

10. Disconnect  t he  n i t r o g e n  l i n e  t o  t he  b a r r e l .  

11. Disconnect  the F l e x i b l e  i n t a k e  l i n e  t o  the b a r r e l .  
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1 2 .  R e p e a t  t h e  above p rocess  i f  more t h a n  one b a r r e l  o f  e t h e r  i s  

t o  be t r a n s f e r r e d  i n t o  t h e  s t o r a g e  t ank .  

The fo l lowing  s t eps  cover  t h e  t r a n s f e r  from t h e  mixing t ank  i n t o  t h e  

s t o r a g e  t ank  o r  t o  the  p l a t i n g  t a n k .  

1. Open v a l v e s  Nos. 1 7 ,  4 ,  1, 5, 8 ,  9 ,  6 and 10 (No. 14 f o r  p l a t -  

i n g  t a n k ) .  

2 .  Open t h e  n i t r o g e n  v a l v e ,  p r e s s u r i z e  and m a i n t a i n  the  mixing 

t ank  a t  6 p s i g .  

3 .  Open the  vacuum v a l v e ,  evacuate  and m a i n t a i n  t h e  s t o r a g e  t a n k  

a t  2 i n .  Hg. 

4 .  Turn on pumps P and P 2  u n t i l  a l l  f l u i d  has  been t r a n s f e r r e d .  1 

5 .  Turn o f f  pumps P and P 2  immediately.  1 

6 .  Close  v a l v e s  Nos. 1 7 ,  4 ,  1, 5, 8 ,  9 ,  6 and 10 (No. 14 f o r  

p l a t i n g  t a n k ) .  

7 .  Open the  vacuum v a l v e  and r educe  t h e  p r e s s u r e  i n  t h e  mixing 

t ank  t o  1 p s i g .  

8 .  Open the  n i t r o g e n  v a l v e  and p r e s s u r i z e  t h e  s t o r a g e  t a n k  t o  t h e  

p l a t i n g  t ank  t o  1 p s i g .  

The fo l lowing  s teps  cover  t h e  t r a n s f e r  from t h e  s t o r a g e  t ank  i n t o  the  

p l a t i n g  t ank  o r  mixing t ank .  

1. Open v a l v e s  Nos. 1, 3 ,  4, 1, 5, 8 ,  9 ,  6 ,  and 14 (No. 15 f o r  

mixing t ank)  I 
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2.  Open t h e  n i t r o g e n  v a l v e  and p r e s s u r i z e  t h e  s t o r a g e  t a n k  t o  

9 p s i g .  

3 .  Open t h e  vacuum v a l v e ,  e v a c u a t e  and m a i n t a i n  t h e  p l a t i n g  t a n k ,  

o r  t h e  mixing t a n k ,  a t  2 i n .  Ilg. 

2' Turn on pumps P and P 1 4 . 
5.  When t h e  d e s i r e d  amount o f  f l u i d  h a s  been t r a n s f e r r e d ,  t u r n  

o f f  pumps P1 and P2 immediately,  

6 .  Close v a l v e s  Nos. 13, 4 ,  1, 5 ,  8 ,  9 ,  6 and 14 (No. 15 f o r  

mixing t a n k ) .  

7 .  Open t h e  vacuum v a l v e  and r educe  t h e  p r e s s u r e  i n  t h e  s t o r a g e  

t a n k  t o  1 p s i g .  

8.  Open t h e  vacuum v a l v e  and p r e s s u r i z e  t h e  p l a t i n g  t ank ,  o r  t h e  

mixing tank ,  t o  1 p s i g .  

To t r a n s f e r  f l u i d  from t h e  p l a t i n g  t a n k  i n t o  the  s t o r a g e  t a n k ,  or t h e  

mixing t a n k ,  f o l l o w  t h e  s teps  l i s t e d  below. 

1. Open v a l v e s  Nos. 1 6 ,  4 ,  1, 5 ,  8 ,  9 ,  6 and 10 (No. 15 f o r  

mixing t a n k ) .  

2 .  Open t h e  n i t r o g e n  v a l v e ,  p r e s s u r i z e  and m a i n t a i n  t h e  p l a t i n g  

t a n k  a t  6 p s i g ,  

3 .  Open t h e  v a l v e ,  evacua te  and m a i n t a i n  t h e  s t o r a g e  t a n k ,  mixing 

t a n k ,  a t  2 i n .  Hg. 
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2 '  
Lc.  Turn on pumps P and P 

1 

5.  When t h e  d e s i r e d  amount of  f l u i d  has  been t r a n s f e r r e d ,  t u r n  

o f f  pumps P1 and P immedia te ly .  2 

6 .  Close  v a l v e s  1 6 ,  4 ,  1, 5 ,  8 ,  9 ,  6 and 10 (No. 15 f o r  mixing 

t a n k ) .  

7 .  Open t h e  vacuum v a l v e  and reduce  t h e  p r e s s u r e  i n  t h e  p l a t i n g  

t a n k  t o  1 p s i g .  

8 .  Open t h e  n i t r o g e n  v a l v e  and p r e s s u r i z e  t h e  s t o r a g e  t a n k ,  o r  

t he  mixing t a n k ,  t o  1 p s i g .  

The fo l lowing  s t e p s  cover the  c i r c u l a t i o n  o f  e l e c t r o l y t e  f o r  c o o l i n g  

d u r i n g  e lec t r  of orming . 

1. Close  the  water  i n l e t  and o u t l e t  v a l v e s  f o r  the  mixing tank  

c o o l i n g  jacket. 

2 .  Open t h e  hand v a l v e  f o r  the water  l i n e  i n t o  t h e  h e a t  exchange,  

3 .  Turn on t h e  compressor .  

4 .  Open v a l v e s  Nos. 1 6 ,  4 ,  1, 5 ,  8 ,  9 ,  6 and 14 .  

5. Open the  n i t r o g e n  v a l v e ,  p r e s s u r i z e  and m a i n t a i n  t h e  p l a t i n g  

t ank  a t  6 p s i g .  

6 .  Turn on pumps P and P2 .  1 

7 .  When c o o l i n g  i s  no longer  needed,  t u r n  o f f  pumps P and P2 .  1 
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8. Close  v a l v e s  Nos. 1 6 ,  4, 1, 5 ,  8 ,  9 ,  6 and 14. 

9 .  Open t h e  vacuum v a l v e  and reduce  t h e  p r e s s u r e  i n  t h e  p l a t i n g  

t ank  t o  1 p s i g ,  

P r e p a r a t i o n  o f  e l e c t r o l y t e .  - Tkie proper  q u a n t i t i e s  of  aluminum c h l o r i d e  

and l i t h i u m  aluminum h y d r i d e  must be added t o  t h e  mixed e t h e r  a t  a con- 

t r o l l e d  ra te  t o  p reven t  over l iea t ing  due t o  exo the rmic  h e a t .  The a l u -  

minum c h l o r i d e  and l i t h i u m  aluminum hydr ide  are added t o  t h e  mixed 

e t h e r  s o l v e n t  as i n d i c a t e d  i n  t h e  s t e p s  l i s t e d  below. 

CAUTION 

The o p e r a t o r  must wear gas  mask d u r i n g  
the  o p e r a t i o n .  

Aluminum c h l o r i d e  s h a l l  be added as fo l lows :  

1. F l u s h  t h e  mixing t ank  acco rd ing  t o  t h e  f l u s h i n g  procedure  de- 

s c r i b e d  p r e v i o u s l y  e 

2 .  Add s o l v e n t  t o  mixing t ank  a c c o r d i n g  t o  t h e  procedure  d e s c r i b e d  

under  " T r a n s p o r t a t i o n  o f  F lu id . "  

3. Open the  w a t e r  i n l e t  and o u t l e t  v a l v e s  f o r  t h e  mixing t ank  

c o o l i n g  j a c k e t  and c l o s e  t h e  hand va lve  f o r  t h e  water l i n e  i n t o  t h e  

h e a t  exchange.  Turn on t h e  compressor and t h e  a g i t a t o r .  

4 .  F l u s h  t h e  g love  box f o r  approximate ly  2 hour s  by r e p e a t  pres- 

s u r i z i n g  w i t h  n i t r o g e n  gas and e v a c u a t i o n .  

5 .  Open t h e  o u t s i d e  door  o f  t he  t r a n s f e r r i n g  box. 

6 P l a c e  one 50 pound A 1 C 1 3  c o n t a i n e r  i n  t h e  t r a n s f e r r i n g  box and 

t i g h t l y  c l o s e  t h e  o u t s i d e  door .  
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7 .  Open the  vacuum v a l v e  and evacua te  t h e  t r a n s f e r r i n g  box t o  

10 i n .  Hg of  vacuum. . 

8.  Open t h e  n i t r o g e n  v a l v e  and r educe  t h e  vacuum i n  t h e  t r a n s -  

f e r r i n g  box t o  1 i n .  Hg. 

9 .  R e p e a t  f and g f o r  a t o t a l  of 5 c y c l e s  and b r i n g  t h e  p r e s s u r e  

i n  t h e  t r a n s f e r r i n g  box t o  ambient p r e s s u r e ,  

10. Open t h e  i n n e r  door  of  t h e  t r a n s f e r r i n g  box and open t h e  

cove r  of the  A l C l  c o n t a i n e r .  3 

11. Empty t h e  A1C13  i n t o  the  hopper of t h e  f e e d e r .  

1 2 .  S e t  t h e  f e e d e r  speed a t  6 ,  

13. Open t h e  vacuum v a l v e ,  evacua te  and m a i n t a i n  t h e  mixing t ank  

p r e s s u r e  a t  1 i n .  Hg o f  vacuum. 

14. Open the  b u t t e r f l y  v a l v e .  

NOTE 

Personne l  must now leave  t h e  p l a t i n g  room 
and e n t e r  t h e  c o n t r o l  room. No one s h a l l  
be p e r m i t t e d  i n t o  t h e  p l a t i n g  room d u r i n g  
t h e  mixing c y c l e  of t h e  aluminum c h l o r i d e .  

15. Turn on f e e d e r .  

16.  Remove e m p t y  c o n t a i n e r  by p l a c i n g  i t  i n t o  t r a n s f e r r i n g  box 

and t i g h t l y  c l o s e  i n n e r  door  b e f o r e  opening o u t s i d e  door .  

3 
1 7 .  Repeat s t e p s  f ,  g ,  h ,  i, j ,  k, and p ,  i f  more A 1 C 1  is  t o  be 

added .  
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18. When d e s i r e d  amount of A l C l  h a s  been added,  c l o s e  b u t t e r f l y  3 
v a l v e .  . 

19. Turn o f f  f e e d e r .  The s o l u t i o n  i n  t h e  mixing t a n k  i s  ready  

f o r  add ing  l i t h i u m  aluminum hydr ide .  

L i th ium aluminum h y d r i d e  s h a l l  be added as f o l l o w s :  

1. P l a c e  f i v e  1 - g a l  jars  of  5M l i t h i u m  aluminum hydr ide  s o l u t i o n  

i n  t h e  t r a n s f e r r i n g  box. T i g h t l y  c l o s e  i t s  o u t s i d e  door .  

2 .  F l u s h  o u t  t h e  t r a n s f e r r i n g  box a c c o r d i n g  t o  s t e p s  7 ,  8 ,  and 

9 from t h e  preceding  o p e r a t i o n ,  

3. Open t h e  i n n e r  door  of t he  t r a n s f e r r i n g  box and put  a l l  

l i t h i u m  aluminum hdyr ide  s o l u t i o n  i n s i d e  t h e  g love  box. 

4 .  Open t h e  cover  of t h e  jar and i n s e r t  t h e  f l e x i b l e  l i t h i u m  

aluminum hydr ide  f eed ing  t u b e ,  

NOTE - 
Personne l  must now leave  t h e  p l a t i n g  room 
and e n t e r  t h e  c o n t r o l  room. No one s h a l l  
be p e r m i t t e d  t o  e n t e r  t h e  p l a t i n g  room 
d u r i n g  t h e  mixing c y c l e  of t h e  l i t h i u m  
aluminum hydr ide  . 

5 .  Make s u r e  t h e  mixing t a n k  i s  main ta ined  a t  1 i n .  Hg o f  vacuum. 

6 .  Open the  318 i n .  l i t h i u m  aluminum hydr ide  d e l i v e r y  v a l v e  

, Due t o  gas  g e n e r a t i o n ,  t h e  i n i t i a l  a d d i t i o n  of hydr ide  must 

s o  t h a t  t h e  gas  gene ra t ed  i n  t h e  mixing t ank  can 

be removed immedia te ly ,  However, l a t e r  a d d i t i o n s  can  be proceeded a t  

a h igh  ra te .  
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7 .  C lose  t h e  3 / 8 - i n .  h y d r i d e  d e l i v e r y  v a l v e  immediately when t h e  

jar i s  empty. Repeat s t e p s  4 ,  5 ,  6 ,  and 7 u n t i l - a l l  5 jars have been 

added.  

8 .  Remove t h e  empty jar  i n t o  t h e  t r a n s f e r r i n g  box and t i g h t l y  

c l o s e  the  i n n e r  door .  

9 .  Repeat  s teps  1 through 8 u n t i l  a l l  t h e  h y d r i d e  needed has  

been added. 

10. Turn o f f  t h e  compressor .  

11. T r a n s f e r  a l l  e l e c t r o l y t e  i n t o  t h e  s t o r a g e  t a n k  a c c o r d i n g  t o  

t h i s  p rocedure .  

1 2 .  Turn o f f  t h e  a g i t a t o r .  

. - This  o p e r a t i o n  c o n s i s t s  of f i v e  d i f f e r e n t  s t e p s .  The 

p rocedures  f o r  each of  t h e s e  f i v e  s t eps  are as f o l l o w s :  

11. Mounting the  e l e c t r o d e  package 

a .  Close v a l v e s  Nos. 11 and 16. 

b .  Disconnect  t h e  n i t r o g e n ,  vacuum, p r e s s u r e  gage l i n e s  and 

c a r e f u l l y  open t h e  p l a t i n g  t a n k  cove r .  

c .  P l a c e  t h e  e l e c t r o d e  package i n t o  t h e  p l a t i n g  t a n k  by 

f i t t i n g  the package on the h o l d e r s .  

d .  Connect t h e  anode and cathode l e a d s .  

e .  Check con t inuous ly  between the  e l e c t r o d e  from t h e  o u t s i d e  

l e a d s .  The c i r c u i t  between the  anode and t h e  cathode 

should be open. 
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NOTE 

Before  s e c u r i n g  t h e  cover  t o  t h e  p l a t i n g  
t a n k ,  pe r sonne l  s h a l l  make a v i s i b l e  i n -  
s p e c t i o n  of t h e  i n s i d e  t o  e n s u r e  t h a t  a l l  
t o o l s  and any o t h e r  f o r e i g n  materials have 
been removed a 

f .  Secure  t h e  cover by  t i g h t e n i n g  a l l  n u t s  and b o l t s .  

g .  Connect t h e  n i t r o g e n ,  vacuum and p r e s s u r e  gage l i n e s .  

NOTE 

P e r s o n n e l  must now leave  t h e  p l a t i n g  room 
and e n t e r  t h e  c o n t r o l  room. 

h .  F l u s h  t h e  t a n k  acco rd ing  t o  t h e  f l u s h i n g  procedure  de-  

s c r i b e d  p rev ious ly  s 

2 .  F i l l i n g  e l e c t r o l y t e  

E l e c t r o l y t e  i s  in t roduced  i n t o  the  p l a t i n g  t ank  i n  t h e  manner 

d e s c r i b e d  i n  t h e  s t e p s  f o r  t r a n s f e r r i n g  f l u i d  from t h e  s t o r a g e  

t ank  t o  t h e  p l a t i n g  t ank .  

NOTE 

A f t e r  t h e  p l a t i n g  tank  h a s  been secu red  
and f i l l e d ,  t h e  p l a t i n g  o p e r a t i o n  w i l l  
be p laced  i n  the  c y c l i n g  mode w i t h o u t  
power t o  the  e l e c t r o d e s .  The v e n t i l a t i o n  
s y s t e m  i s  tu rned  o f f  f o r  t h r e e  minu tes ,  
d u r i n g  which t i m e  t he  o p e r a t o r  w i l l  ob- 
s e r v e  t h e  g e n e r a l  m o n i t o r ' s  s y s t e m  (GMS) 
f o r  any i n d i c a t i o n s  o f  s i g n i f i c a n t  r ise  
i n  e x p l o s i v e  atmosphere w i t h i n  t h e  p l a t i n g  
room. Any abnormal r e a d i n g s  r e q u i r e  re- 
t u r n i n g  of t he  p l a t i n g  s o l u t i o n  t o  t h e  
s t o r a g e  t a n k  and i n v e s t i g a t i o n .  Under 
no c i r cums tances  does any o p e r a t o r  e n t e r  
t h e  p l a t i n g  r o o m  u n t i l  a l l  p l a t i n g  s o l u -  
t i o n s  have been placed i n  s t o r a g e .  

___II___ 

200 



3 .  S t a r t u p  

a .  S t a r t  c o o l i n g  e l e c t r o l y t e  acco rd ing  t o  t h e  procedure  

d e s c r i b e d  p r e v i o u s l y .  

b .  S e t  t h e  c u r r e n t  l i m i t  on t h e  power supp ly .  

c .  Turn on t h e  d-c  power supp ly .  

NOTE 

The o p e r a t o r  ma in ta ins  a c l o s e  s u r v e i l -  
l ance  of t h e  f low rates  and tempera ture  
l e v e l s  of t h e  p l a t i n g  load ;  any s i g n i f i -  
c a n t  r i s e  i n  t empera tu re ,  dec rease  i n  
f low ra tes  and /o r  p r e s s u r e  change w i l l  
i n d i c a t e  an  abnormal opera  t i o n .  The 
p l a t i n g  s o l u t i o n  is  r e t u r n e d  t o  t h e  s t o r -  
age t a n k  u n t i l  a n  a n a l y s i s  of t h e  condi -  
t i o n  can be made. 

4 .  Terminat ion  of  e l e c t r o f o r m i n g  

a .  Turn o f f  t h e  d-c  power. 

b .  S top  c o o l i n g  by t u r n i n g  o f f  t h e  compressor and pumps 1 

and 2 .  

c .  T r a n s f e r  a l l  e l e c t r o l y t e  i n t o  t h e  s t o r a g e  t a n k  a c c o r d i n g  

t o  t h e  procedure d e s c r i b e d  p r e v i o u s l y  a 

d .  Remove t h e  remain ing  few g a l l o n s  o f  e l e c t r o l y t e  through 

t h e  3 / 8 - i n .  v a l v e s  ( l o c a t e d  n e a r  t h e  o u t l e t  of p l a t i n g  

t ank)  i n t o  some small c o n t a i n e r .  

e .  F l u s h  t h e  p l a t i n g  tank  a c c o r d i n g  t o  t h e  f l u s h i n g  procedure 

d e s c r i b e d .  

NOTE 

When t h e  s o l u t i o n  has  been s t o r e d  and t h e  
s y s  tern purged,  t h e  o p e r a t o r  once a g a i n  
s h u t s  down t h e  v e n t i l a t i o n  s y s t e m  f o r  
t h r e e  minutes  and obse rves  the  GMS. 
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5 .  Remove e l e c t r o f o r m e d  o b j e c t  

NOTE 

The o p e r a t o r  must wear a p r o t e c t i n g  mask 
and c l o t h e s  d u r i n g  t h e s e  o p e r a t i o n s .  

a .  D i sconnec t  n i t r o g e n ,  vacuum, p r e s s u r e  gage l i n e s ,  o u t s i d e  

e l e c t r i c a l  l e a d s  ~ e l e c t r o l y t e  i n l e t  and o u t l e t  l ines .  

b. Move t h e  p l a t i n g  t a n k  o u t s i d e  of t h e  p l a t i n g  room. 

NOTE 

The p l a t i n g  t a n k  s h a l l  be moved t o  a t  
least  20 f t  away from t h e  p l a t i n g  f a c i l i t y .  
Personne 1 moving t h e  t a n k  and removing 
t h e  p l a t e d  o b j e c t  are f u l l y  s u i t e d  w i t h  
f a c e  s h i e l d s ,  r e s p i r a t o r s ,  g loves  and f i r e  
smocks. There i s  a l w a y s  one person whose 
s p e c i f i c  d u t y  i s  t o  man t h e  f i r e  e x t i n -  
g u i s h e r s  d u r i n g  t h i s  o p e r a t i o n .  Should 
a f i r e  e r u p t ,  t h e  f i r e  saifety pe r son  s h a l l  
comple t e ly  f l o o d  t h e  u n i t ,  as w e l l  as 
anyone c l o s e  t o  i t  w i t h  the d r y  chemica l  
f i r e  e x t i n g u i s h e r .  The 150 l b  p o r t a b l e  
u n i t  s h a l l  be on s t  ndby and s h a l l  be l o -  
c a t e d  a t  least  25 f t  away from t h e  
o p e r a t i o n  

NOTE 

A l l  f low-kine f i t t i n g  connec t ions  s h a l l  
be tho rough ly  washed be f o r e  any wrench 
i s  a p p l i e d  t o  d i s c o n n e c t  b o l t s  from t h e  
p l a t i n g  t a n k  c o v e r ,  

~ 

c.  Open and remove t h e  p l a t i n g  t a n k  cover 

d.  Wash t h e  e l e c t r o f o r m e d  o b j e c t  w i t h  e t h e r .  

e .  Remove t h e  e l e c t r o d e  package from t h e  p l a t i n g  t a n k .  

f ,  Wash t h e  e l e c t r o d e  package w i t h  water. 

g ,  S e p a r a t e  t h e  anode and ca thode ,  

h .  C lean  t h e  p l a t i n g  tank and the  c o v e r .  
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S e r v i c e s .  - An i n c i d e n t  i n  which a f i r e  occur red  r e s u l t e d  from s e r v i c i n g  

t h e  f i l t e r .  

s a f e t y  procedures  i n  t h e  maintenance of equipment which has  been exposed 

t o  t h e  e t h e r e a l  e l e c t r o l y t e .  

I t  i s  i n c l u d e d  h e r e  t o  i l l u s t r a t e  t h e  importance of  proper  

The f i r e  i n c i d e n t  o f  7 A p r i l  1968 invo lved  t h e  f i l t e r  component of  t h e  

aluminum e l e c t r o f o r m i n g  s y s  t e m .  The i n c i d e n t  occur red  d u r i n g  t h e  re- 

placement o f  f i l t e r  e l emen t s  u s e d  i n  p r e p a r a t i o n  of  t h e  aluminum p l a t i n g  

s o l u t i o n .  A p p a r e n t l y ,  some f i l t e r  cake c o n t a i n e d  l i t h i u m  aluminum 

h y d r i d e  which r e a c t e d  w i t h  a i r ,  c a u s i n g  a f l a s h  f i r e .  The Ansul  dump 

system a c c u a t e d  and e x t i n g u i s h e d  t h e  f i r e .  

The fo l lowing  c o r r e c t i v e  measures have been made t o  p reven t  similar 

a c c i d e n t s  : 

1. A back wash system f o r  f i l t e r s  h a s  been set  u p  t o  remove ac- 

cumulated h y d r i d e ,  p a r t i c u l a r l y  b e f o r e  r ep lacemen t  o f  t h e  f i l t e r  e l e m e n t s ,  

2 .  The f i l t e r s  have been r e l o c a t e d  f o r  easier access. 

The aluminum p l a t i n g  s o l u t i o n  c o n t a i n s  3.4 molar o f  aluminum hydr ide  

and approx ima te ly  0 .3  molar o f  l i t h i u m  aluminum h y d r i d e  i n  anhydrous 

d i e t h y l  e t h e r .  I n  p r e p a r i n g  the p l a t i n g  s o l u t i o n  the  aluminum and 

l i t h i u m  aluminum h y d r i d e  ( i n  the  form o f  5 - M  d i e t h y l  e t h e r  s o l u t i o n )  

are s lowly  added t o  d i e t h y l  e t h e r  s o l v e n t  i n  a r e a c t o r .  P repa red  s o l u -  

t i o n  i s  then  t r a n s f e r r e d  from the  r e a c t o r  i n t o  a s t o r a g e  t a n k ,  through 

two f i l t e r s  of  10 g a l l o n  c a p a c i t y ,  and each c o n t a i n i n g  6 a l l -woven 

polypropylene f i l t e r  e l e m e n t s .  These e l emen t s  must be r e p l a c e d  when 

cumulated p a r t i c l e s ,  mainly from aluminum h y d r i d e  and l i t h i u m  aluminum 

h y d r i d e ,  appea r  t o  h i n d e r  the e l e c t r o l y t e  flow e The d e t a i l e d  o p e r a t i n g  

procedure o f  changing such e l emen t s  a r e  g iven  i n  the  a t t a c h e d  s h e e t s .  

They are be ing  b a c k  washed w i t h  wash e t h e r  t o  remove as much as p o s s i b l e  
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h y d r i d e  p a r t i c l e s  be fo re  be ing  r e p l a c e d .  Used e l emen t s  a r e  t h e n  s t o r e d  

i n  a s t e e l  c o n t a i n e r  and s u b s e q u e n t l y  c a r e f u l l y  washed w i t h  water be fo re  

b e i n g  d i sposed  o f .  The back wash e t h e r  i s  f ed  i n t o  t h e  f i l t e r  from a n  

e x t e r n a l  sou rce .  The d r a i n a g e  i s  a d i l u t e  s o l u t i o n  of l i t h i u m  aluminum 

hydr ide  and can  be s a f e l y  d i sposed  of a f t e r  a l l o w i n g  t o  react s lowly  

w i t h  moi s tu re  i n  t h e  a i r .  

The f i l t e r  c a r t r i d g e s  must  be r e p l a c e d  u s i n g  t h e  f o l l o w i n g  procedure :  

NOTE - 
Opera to r s  must wear p r o t e c t i v e  mask and 
c l o t h i n  d u r i n g  t h e  fo l lowing  o p e r a t i o n s ,  

1. Close  v a l v e s  Nos. 1, 5 ,  9 ,  and 6. 

2 .  F lush  t h e  f i l t e r  w i t h  wash e t h e r  from a n  e x t e r n a l  s o u r c e .  

3. C a r e f u l l y  open t h e  f i l t e r  and d i s c a r d  a l l  f i l t e r  e l emen t s  i m -  

med ia t e ly  i n t o  a s t e e l  c o n t a i n e r .  

4 .  Remove t h e  f i l t e r  base  from i t s  mounting by d i s c o n n e c t i n g  the 

e l e c t r o l y t e  l i n e s  and mounting screws. 

5.  C a r e f u l l y  wash and c l e a n  the f i l t e r  component w i t h  water. 

6 ,  Dry  o u t  t h e  f i l t e r  components. 

7 .  I n s t a l l  the  f i l t e r  back i n t o  t h e  e l e c t r o l y t e  l i n e  and p u t  i n  

new f i l t e r  e Zemen ts . 
8.  P res su re -check  a l l  c o n n e c t i o n s ,  

9 .  F l u s h  t h e  f i l t e r  w i t h  n i t r o g e n  by p r e s s u r i z i n g  t h e  p l a t i n g  

t a n k  t o  5 p s i g .  Open v a l v e s  N O S .  1 6 ,  1 2 ,  2 ,  1, 7 ,  9 and the  1 - i n .  

d r a i n i n g  v a l v e  on each  f i l t e r .  
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10. A f t e r  s u f f i c i e n t  f l u s h i n g ,  c lose t h e  1 - i n .  hand d r a i n i n g  

v a l v e s  as w e l l  as v a l v e s  Nos. 1 6 ,  1 2 ,  2, 1, 7 and-9 i n  t h e  e l e c t r o l y t e  

l i n e .  

11. Open the  vacuum v a l v e  and r educe  t h e  p r e s s u r e  i n  t h e  p l a t i n g  

t a n k  t o  1 p s i g .  

12 .  The f i l t e r s  a r e  now r e a d y  f o r  f u r t h e r  u s e .  
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APPENDIX A 

SUBSTRATE ANALYSIS-OPTIMIZATION OF ALUMINUM HOLLOWGORE DESIGN 

Th i s  a n a l y s i s  folLows the  procedure  o u t l i n e d  i n  t h e  b a s i c  r e p o r t .  

Design R e s t r i c t i o n s  Due t o  Hollowcore F a b r i c a t i o n  P rocess  

The f a b r i c a t i o n  p rocess  ( e l e c t r o f o r m i n g )  of t he  hol lowcore  p l a c e s  t h e  

fo l lowing  geometr ic  r e s t r i c t i o n s  on t h e  d e s i g n :  

1. D i s t a n c e  between h o l e s  s h a l l  n o t  be less than  0.050 inch  
(A ;r 0.050 i n . )  

p lanform s i z e  of 5 x 5 f t  sq (h 2 0.100 i n . )  

3 .  S k i n  t h i c k n e s s  of ho l lowcore  s h a l l  be equa l  t o  o r  g r e a t e r  
t han  0.002 inch  and equa l  t o  o r  less  than  0.006 inch  
(0.002 i n .  2 t 2 0.006 i n . )  

2 .  Hollowcore h e i g h t  s h a l l  n o t  be l e s s  than  0.100 inch  f o r  a 

The f i r s t  two r e s t r i c t i o n s  are  d i c t a t e d  by t h e  mandrel used i n  f a b r i c a t -  

i ng  t h e  ho l lowcore  s u b s t r a t e .  A t  p r e s e n t ,  a copper  s h e e t  i s  t o  be used 

and t h e  h o l e s  i n  i t  are  t o  be f i r s t  d r i l l e d ,  t h e n  reamed. It h a s  been 

found t h a t  i f  t h e  d i s t a n c e  between h o l e s  i s  less than  0.050 i n c h  t h e  

o p e r a t i o n  of d r i l l i n g  a n o t h e r  h o l e  w i l l  upse t  and deform a p r e v i o u s l y  

e s t a b l i s h e d  a d j a c e n t  h o l e .  I f  t h e  mandrel thiclcness  i s  less than  0.100 

inch  f o r  a 5 x 5 f t  s q  biconvex s h e l l ,  i t  w i l l  deform under i t s  own weight  

when suspended i n  t h e  e l e c t r o p l a t i n g  t ank .  

The l a s t  r e s t r i c t i o n ,  t h e  a l lowab le  range  i n  t h i c k n e s s  of t h e  e l e c t r o -  

p l a t i n g ,  i s  d i c t a t e d  by the  s t a t e  of a r t  of aluminum e l e c t r o f o r m i n g .  
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I t  should  be  noted  t h a t  t h i s  d e f i n e s  t h e  pane l  f requency  f o r  a sys tem 

w i t h  a r i g i d  boundary. Appendix B o f  t h i s  r e p o r t  a n a l y z e s  t h e  e f f e c t  

o f  t h e  frame s t i f f n e s s  on t h e  pane l  f i r s t  r e s o n a n t  f requency .  

C r i t i c a l  Environmental  Loading and S t r u c t u r e s  
Dynamic Magn i f i ea t ion  F a c t o r  

R e v i e w  o f  t h e  s p e c i f i e d  d e s i g n  environment d e f i n e d  i n  t h e  b a s i c  r e p o r t  

i n d i c a t e s  t h a t  t h e  s i n u s o i d a l  v i b r a t i o n  of  t h e  s t r u c t u r e  i s  t h e  most 

severe l o a d i n g  c o n d i t i o n  f o r  t h e  s o l a r  a r r a y .  S i n c e  t h e  s t r u c t u r e  i s  

b e i n g  des igned  t o  have a f i r s t  resonance  below 50 H z ,  t h e  i n p u t  accel-  

e r a t i o n  a t  t h e  a t t achmen t  p o i n t s  will b e  1 .5  g r m s  o r  2 . 1 2  g z e r o  t o  

peak.  

From Phase  I t e s t i n g ,  i t  was found t h a t  t h e  dynamic m a g n i f i c a t i o n  

f a c t o r  f o r  t h i s  t y p e  of s t r u c t u r e  i s  abou t  40. 

The a c c e l e r a t i o n  r e sponse  of t h e  s u b s t r a t e  under a s i n u s o i d a l  v i b r a t i o n  

i n p u t  as d e r i v e d  i n  Phase I (Ref. 1) i s  

16 . nn /mrr i j  
\pv s tj = 1 Q s i n  -a\ s i n  \a 1 

0 n 0 

where 

W = normal a c c e l e r a t i o n  of s u b s t r a t e  s u r f a c e  - g 

Q = dynamic man i fac t ion  f a c t o r  - dim. 

a = c u r v i l i n e a r  c o o r d i n a t e  i n  X d i r e c t i o n  - i n .  

p = c u r v i l i n e a r  c o o r d i n a t e  i n  Y d i r e c t i o n  - i n .  

w = i n p u t  a c c e l e r a t i o n  a t  boundary - g 
S 

(A-2)  
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Membrane Forces  p e r  U n i t  Length 

The membrane f o r c e  p e r  u n i t  l e n g t h  varies o v e r  t h e  s u r f a c e  o f  t h e  

biconvex s t r u c t u r e .  For t h e  p r e l i m i n a r y  ( f i r s t  c u t )  a n a l y s i s ,  t h e  maxi- 

mum membrane f o r c e s  a t  t h e  crown of  t h e  b i convex  p a n e l  were approximated 

by t h e  formula f o r  a s p h e r i c a l  s h e l l  s u p p o r t e d  t a n g e n t i a l l y  and loaded 

by a p r e s s u r e .  The formula i s  

p = s  
2 

where 

P = membrane f o r c e  pe r  u n i t  l e n g t h  - l b / i n .  

R = r a d i u s  of c u r v a t u r e  - i n .  

p = a p p l i e d  p r e s s u r e  - l b / i n .  2 

The a p p l i e d  p r e s s u r e  i s  d e f i n e d  by 

p = (SpWt)p x G 

where t h e  g l e v e l  i s  

.. 
G = W = 137.5 z e r o  t o  peak 

(A-3)  

( A - 4 )  

and t h e  s p e c i f i c  weight  (SpWt) o f  t h e  t o t a l  panel  is  t h e  s p e c i f i c  we igh t  

of  t h e  dead load d e f i n e d  i n  the  p reced ing  s u b s e c t i o n  and t h a t  c o n t r i b u t e d  

by t h e  ho l lowcore .  The n e x t  s e c t i o n  d e f i n e s  t h e  s p e c i f i c  weight  of  t h e  

ho l lowcore  and t h e  t o t a l  panel  f o r  v a r i o u s  geomet r i c  parameters. 

P 
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C r i p p l i n g  Stress  o f  t h e  Hollowcore S t r u c t u r e  

From t h e  Phase I program, i t  was determined t h a t  t h e  f a i l u r e  mode f o r  

the ho l lowcore  s t r u c t u r e  concept  w a s  c r i p p l i n g  i n  the s u r f a c e  between 

c y l i n d e r s .  It w a s  a l s o  determined t h a t  t h i s  s u r f a c e  cou ld  be approx i -  

mated by a n  e q u i l a t e r a l  t r i a n g l e  (see F i g .  A-2) loaded i n  compression 

a l o n g  i t s  t h r e e  s i d e s .  The l e g  d imens ion ( s )  o f  t h i s  t r i a n g l e  i s  

d e f i n e d  by 

s = 4a - 2/r5d ( A - 9 )  

From NASA Document TN 3781, t h e  c r i t i c a l  stress i n  a t r i a n g u l a r  s h e e t ,  

loaded i n  compression a l o n g  i t s  boundary, i s  

t 2  
2 

11 E 
I 

cc - 12(1-v2) (3 F (A-10) 

The c o e f f i c i e n t  (K) g i v e n  i n  NASA TN 3781 i s  

K = 5 f o r  s imply suppor t ed  edges 

K = 12.5 f o r  coupled edges 

I n  Phase I t e s t s  t h e  c o e f f i c i e n t  w a s  found t o  be K = 1 2  

F i g u r e  A-2. S t r e s s  D i s t r i b u t i o n  on T r i a n g u l a r  

t 

P l a t e  
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