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ABSTRACT 

Paraboloidal s o l a r  concentrator development work was 
c a r r i e d  out. 
f o r  i n f l a t a b l e  f i l m  type mirrors.  
r i g id i zed  i n  a vacuum chamber u t i l i z i n g  r ad ian t  hea t  as  t h e  
heat  source f o r  i n i t i a t i o n  of t he  foaming reac t ion .  The foam 
had been previously appl ied i n  sheet form t o  t h e  back of' a 
commercial aluminized polyimide f i lm  parabol ic  membrane. 

Precoat foam was used as t h e  r i g i d i z i n g  ma te r i a l  
1.52 meter diameter u n i t s  were 

A torus-type backup s t ruc tu re  w a s  subsequently a t tached 
f o r  mounting i n  ground t e s t  equipment. 
mirrors were the  r e s u l t  of t h i s  development program. 

Rela t ive ly  good qua l i ty  
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RIGIDIZATION OF A l P 5 2  METER DIAMETER INFLATABLE SOLAR CONCENTRATOR 
I N  VACUUM WITH ASSOCIATED MATERIAL STUDIES 

AND FABRICATION TEC€€NIQUES 

By N. Jou r i l e s ,  D r ,  C .  E. Welling and J. C .  Kryah 

This repor t  covers a 9-month e f f o r t  t o  improve f ab r i ca t ion  techniques 
and demonstrate t h e  u t i l i t y  of a precoat foam f o r  r ig id i z ing  a 1.52 meter 
s o l a r  concentrator i n  vacuum. 

A commercial aluminized polyimide f i l m ,  2.54 x 10-5 m th ick ,  was t a i l o r e d  
t o  a paraboloidal  configuration and seamed w i t h  an adhesive spec ia l ly  chosen 
and evaluated f o r  use on t h i s  so la r  concentrator foam r ig id ized  i n  a vacuum. 
The membrane s o l a r  concentrator was at tached t o  a t e s t  f i x t u r e  where it 
w a s  pressurized,  aligned, and measured f o r  contour. The precoat r i g id i z ing  
mater ia l  was made up i n t o  t h i n  sheets and cu t  i n t o  pa t te rns  t o  f i t  t he  
paraboloidal  contour, The precoat sheet stock was applied t o  t h e  i n f l a t e d  
membrane so la r  concentrator,  A heating u n i t ,  which was p a r t  of t h e  t e s t  
f i x t u r e ,  was placed i n  posi t ion,  and thermocouples were imbedded i n  the  
precoat  mater ia l .  The vacuum chamber (NASA-Langley 18.29 m sphere) was 
evacuated t o  l e s s  than 0.13 Newton/m2 (10-3 mm Hg). 
such a r a t e  t h a t  a temperature r i s e  of 7'K per minute was achieved. After  
approximately 10 minutes the foaming ac t ion  began. About 3 minutes l a t e r ,  
t h e  mirror  was completely foamed and the  foam began t o  s e t .  
of hea t  was continued severa l  minutes longer t o  a id  i n  curing the  foam. 
The heat  was then gradually reduced. Cool-down time from peak temperature 
t o  room temperature was approximately 40 minutes. 
monitored by use of 34 thermocouples, and was  control led by means of a 
rheos ta t .  After cool-down t h e  vacuum was released. 
pher ic  pressure,  a l l  thermocouples were removed and a r ing  torus  w a s  applied 
as a backup s t ruc ture .  The torus  was bonded t o  t h e  so l a r  concentrator by 
means of a r e l a t i v e l y  f l e x i b l e  urethane foam system. The so la r  concen- 
t r a t o r  was  then cu t  away from t h e  pressure envelope, and trimmed t o  
1.52 meter diameter. 

Heat was applied at 

Application 

Temperature w a s  

Upon r e tu rn  t o  atmos- 



INT R O D E  T I ON 

A pred is t r ibu ted  p l a s t i c  foamable mater ia l  f o r  r i g id i z ing  i n f l a t a b l e  
s o l a r  energy concentrators was developed on a small sca l e  under NASA Contract 
NAS 1-3301. The program herein reported,  i n i t i a t e d  by Langley Research 
Center ( L R C ) ,  was a cont inuat ion of research and development on r ig id i zed  
i n f l a t a b l e  so l a r  energy concentrators.  The object ive of t h i s  program was 
t o  improve t h e  f ab r i ca t ion  techniques and demonstrate t h e  u t i l i t y  of the  
foam by f ab r i ca t ing  a so la r  concentrator of a s i z e  s u f f i c i e n t  t o  provide 
meaningful da ta  f o r  qua l i t a t ive  ana lys i s .  To accomplish t h i s  ob jec t ive ,  
research and development i n  c r i t i c a l  problem areas  were required,  and a 
s o l a r  concentrator t h a t  incorporated a l l  developed process refinements was 
fabr ica ted .  The program was divided i n t o  t h r e e  tasks:  

Task 1. 

Task 2. 

Task 3. 

2 

Rigidization Mater ia l  Studies 

All e f f o r t  i n  t h i s  a rea  was t o  be r e s t r i c t e d  t o  t h e  standard 
39-91  precoat formulation tha t  was described i n  NASA Techni- 
c a l  Report CR-235, Development of a Predis t r ibu ted  Azide 
Base Polyurethane Foam f o r  Rigidizat ion of Solar Concentrators 
i n  Space. 
problems associated w i t h  t he  synthes is ,  pu r i ty ,  handling, and 
storage of t he  required amounts of azide.  
synthesis of t h e  prepolymer was t o  be scaled up t o  produce 
su f f i c i en t  quan t i t i e s  t o  f a b r i c a t e  1.52-meter diameter s o l a r  
concentrators. 
membrane was t o  be s tudied using the  sheet  s tock approach. 
Bonding of a precoat r i g id i zed  s t r u c t u r e  t o  a s t i f f e n i n g  
backup s t ruc tu re  was t o  be s tudied  t o  determine the  optimum 
approach. 

Research was t o  cons is t  of an explorat ion of t h e  

I n  addi t ion ,  t h e  

Application of t he  precoat formula t o  t h e  

Seam Development 

Seaming of t he  polyimide film was t o  be s tudied t o  determine the  
bes t  adhesive t o  be used. Such f a c t o r s  as  membrane pressure,  
exothermic hea t  of precoat ac t iva t ion ,  p e e l  s t rength  and hea t  
dwell time were t o  be considered. 
t o  develop seams t h a t  would have adequate s t r eng th  and s u i t a b l e  
o p t i c a l  p roper t ies .  

The goals i n  t h i s  a rea  were 

Fabrication of a 1.52-Meter Diameter Solar  Concentrator 

A 1.52-meter diameter, 60-degree rim angle s o l a r  concentratoy 
was t o  be f ab r i ca t ed  using the  s tandard 394-91 precoat formu- 
l a t i o n  and polyimide f i l m  and incorporat lng t h e  processes 
developed under Tasks 1 and 2. The concentrator  was t o  be 



r ig id i zed  i n  a vacuum a t  a s t a r t i n g  pressure not g rea t e r  than 
0,13 N/m2 of mercury. After  foaming and curing i n  a vacuum, a 

s t i f f e n i n g  backup s t ruc tu re  was t o  be added t o  qake t h e  concen- 
t r a t o r  su i t ab le  f o r  t e s t i n g  i n  a 1-g environmenO with surface 
winds of not more than 5.14 m/so The backup s t r u c t u r e  was t o  
have a torus  a t  the  rim with provisions f o r  a so l a r  t r acke r  
mounting at EO-degree in t e rva l s .  
concentrator were t o  include a specular re f lec tance  of 0.80 
and surface slope e r rors  of 1/2 degree or l e s s  over 95 percent 
of t he  area. The concentrator was t o  be foam r ig id i zed  at  
t h e  Langley 18,29 rn sphere vacuum f a c i l i t y ,  

Design goals  f o r  t he  

DISCUSSION OF DEVELOPMENT EFFORT 

Gener a1 

The development work c a r r i e d  out was i n  three  broad ca tegor ies  includ- 
ing  (1) r i g i d i z a t i o n  mater ia l  s tud ies ,  ( 2 )  seam development, and ( 3 )  f a b r i -  
c a t i o n  of 1.52-meter diameter so la r  concentrators.  
was  conducted i n  t h e  vacuum sphere a t  Langley Research Center, although 
t h e  ma te r i a l  was prepared, and a spec ia l  f i x t u r e  designed and b u i l t  at  GAC. 

The f ab r i ca t ion  t a s k  

The th ree  bas i c  tasks  a r e  discussed individual ly  i n  t h i s  s ec t ion  of the  
r epor t ,  and c lose ly  follow chronologically the  sequence followed i n  t h e  
program. 

Mater ia l  Studies  

Azide s tudies .  - I n  order t o  f a c i l i t a t e  use of S t ruc ture  X azide 
(4 ,  4' - diphenyl methane d i a c y l  azide) 

i n  preparing precoat mater ia l ,  some inves t iga t ions  were made concerning 
methods of ana lys i s  f o r  pu r i ty ,  the presence of impuri t ies  i n  as-synthe- 
s i z e d  material, and methods f o r  pu r i f i ca t ion  and general  behavior of t h e  
az ide  i n  handling and storage.  The r e s u l t s  of these  somewhat l imi ted  
inves t iga t ions  a r e  out l ined here. 

Azide pur i f ica t ion :  Recrys ta l l iza t ion  techniques were found t h a t  

Melting poin ts  were 
produce pu r i f i ed  S t ruc ture  X azide t h a t  i s  f r e e  of detectable  impuri t ies  
when using t h i n  l aye r  chromatography examination. 
increased from about 356 - 356,5"K t o  about 358 - 359°K. The key f e a t u r e  

3 



i n  t he  techniques i s  the  use of somewhat polar  solvents which make a decolor- 
iz ing  charcoal treatment ( f o r  impurity removal) more e f f ec t ive ,  
as mixed methylene chlor ide and ethanol a re  e f fec t ive ;  acetone i s  more 
d i f f$cu l t  t o  use i n  r ec rys t a l l i z ing  and, perhaps, l e s s  e f fec t ive ,  The 
so lu t ion  and decolorizing s teps  were conducted a t  room temperature, and t h e  
r ec rys t a l l i za t ion  a t  reduced temperatures. 
t h e  time i n  which samples were i n  solut ion or  exposed t o  solvents,  These 
handling procedures were used t o  ensure a minimum of azide decomposition 
during the  purif icat ion.  In  view of t he  very slow r a t e  of hydrolysis of 
so l id  azide under water, anhydrous solvents were not employed. 
samples were stored a t  260.9 t o  266.4'~.  
color  and has yielded a product i n  f i n e ,  needle-crystal  form. 
with respect  t o  r ec rys t a l l i za t ion  were t ransmit ted t o  t h e  azide suppl ie r  
and l ed  t o  higher pur i ty  of the  product. 

Such solvents  

Attempts were made t o  l i m i t  

A l l  pu r i f i ed  
Pur i f i ca t ion  r e su l t ed  i n  removing 

Findings 

Effor t s  t o  pur i fy  Structure  X azide by vacuum sublimation were not 
f r u i t f u l .  
t u r e  range i n  which it i s  ce r t a in ly  s tab le .  
tu res  might defeat our purpose by producing decomposition products t h a t  
might sublime more readi ly .  
o r i g i n a l  goals i n  the molecular design of an azide s t ruc tu re  has been 
achieved. 
azide under pre-foaming and foaming conditions i n  t h e  space environment. 

The vapor pressure of the mater ia l  was too  low within t h e  tempera- 
To sublime at higher tempera- 

This work f u r t h e r  es tab l i shes  t h a t  one of the 

The goal  was t o  r e a l i z e  negl ig ib le  v o l a t i l i t y  of t he  subject  

A second operable method f o r  pu r i f i ca t ion  of S t ruc ture  X azide would be 
des i rab le  i n  pr inciple ,  p a r t i a l l y  because a s ing le  method may not remove 
a l l  types of impurit ies e f fec t ive ly .  
precluded fur ther  exploratory research. A t  t h i s  time it appears t h a t  column 
chromatography would be t h e  most promising new approach i n  any f u r t h e r  work, 
s ince it could be operated a t  temperatures a t  which t h e  azide i s  qui te  
s tab le .  

However, time and funding l imi t a t ions  

Impurity and Azide Assessment: Findings a r e  summarized i n  t h e  following 
paragraphs. I n  one Cx two respects  t h e  findings were unexpected. 

Thin layer  chromatography ( T I C )  has proved usefu l  i n  separat ing 
impurit ies from samples of Structure  X azide. Funding has not permitted 
work on iden t i f i ca t ion  of impuri t ies ,  bu t  it i s  es tab l i shed  that  impuri- 
t i e s  e i t h e r  or ig ina l ly  present o r  produced by slow decomposition during 
extended re f r igera ted  storage of dry azide may be separated and detected. 
The TIC procedures used are e s s e n t i a l l y  qua l i t a t ive .  

The general  parameters of t he  TLC method employed are:  

(1) Glass p la tes  coated with s i l i c a  g e l  containing 10 percent 
gypsum binder a re  employed. 
1000 , U m  thick.  

Applied coatings a r e  general ly  
The coated p l a t e s  a re  ac t iva ted  a t  383°K. 
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( 2 )  Samples a r e  spotted a t  the bottom of the  p la tes  i n  quant i t ies  
of 10 t o  50 nm3 of 2 percent concentration solut ions of 
azide mater ia ls  i n  acetone. Thus, t h e  a c t u a l  weight of azide 
taken f o r  a s ingle  spot chromatogram i s  0.2 t o  1.0 mg. 

(3) Elution i s  w i t h  a benzene-acetone so lu t ion  at  room temperature 
f o r  30 minutes. 
Structure  X ,  moves approximately four  inches. 

I n  t h i s  time t h e  most rapidly moving mater ia l ,  

(4) A l l  components e luted (azide and impuri t ies)  are co lor less ,  non- 
f luorescing,  and not readi ly  developed i n t o  colored materials.  
Therefore a f luorescing aerosol  overspray i s  applied. 
subsequent inspection by i l lumination with shor t  -wave u l t r a v i o l e t  
l i g h t  (black l i g h t )  t h e  areas containing eluted components 
appear as black spots on a generally f luorescent  background. 
That i s ,  components present quench fluorescence of t h e  overspray. 

On 

Several conclusions may be drawn from TLC work. The f i r s t  i s  t h a t  
T U  de tec ts  small amounts of impurities i n  azide samples, probably below 
the  one percent level .  This i s  done under mild a n a l y t i c a l  conditions 
that do not degrade azide. A second conclusion drawn i s  t h a t  laboratory 
treatment w i t h  charcoal and r e c r y s t a l l i z a t i o n  reduces impurit ies t o  
undetectable levels.  By t h e  same type of postsynthesis processing, our 
suppl ier  now produces azide w i t h  an impurity l e v e l  below detection. 

The t h i r d  conclusion i s  that  two types of impurit ies a r e  seen i n  azide 
s tored  under r e f r i g e r a t i o n  f o r  approximately 15 months. 
migrates very l i t t l e ,  i f  a t  a l l ,  in  e lu t ion  and i s  presumably e i t h e r  of 
rather high molecular weight o r  a poor so lu te  i n  t h e  e lu t ing  solution. 
The second type of impurity e lu tes ,  or migrates upward on t h e  p l a t e ,  at 
about one half t h e  speed of t h e  azide. No conclusion can be reached as 
t o  t h e  proportion of iinpanities t h a t  developed i n  t h e  storage period. 
Some impurity was o r i g i n a l l y  present as evidenced by t h e  s l i g h t  yellow 
d iscolora t ion  of t h e  mater ia l  as received. 
a r e  developed i f  a pure ( recrys ta l l ized)  azide sample i s  held as a d i l u t e  
s o l u t i o n  i n  acetone f o r  two t o  three days a t  room temperature. 

The one type 

The same two types of impuri t ies  

Figures 1, 2,  and 3 i l l u s t r a t e  the  r e s u l t s  obtained with T U .  The 
>ho+,ogra2hs of t h e  TIX: p l a t e s  a r e  made w i t h  u l t r a v i o l e t  i l lumination 
of t h e  p l a t e s ;  t h e  photographic negatives respond t o  t h e  induced 
fluorescence. 

Various samples of freshly purif ied ( r e c r y s t a l l i z e d )  Structure  X 
az ide  (Samples 2, 3, and 4) and of 15-month s tored  azide (Sample 1) were 
suppl ied f o r  study t o  t h e  spectrophotometry group of t h e  Research Analyt ical  
Services  Department of t h e  Goodyear Tire  and Rubber Co, 
known t o  differ i n  melting point ,  presence o r  absence of impurit ies 
de tec tab le  by TLC, and i n  v i s i b l e  color. 
on i n f r a r e d  inspections since t h i s  might afford clues  as t o  chemical 

The samples were 

The major e f f o r t  was placed 
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SAMPLE A: 1 5  MONTH OLD 
MATERIAL PURIFIED BY 
FBC RYSTALLIZAT ION.  

CENT SOLUTION I N  
AC ET ONE. 

APPLIED 50 m3 OF 2 PER- 

. 

I 

SAMPLE B: NEW MATER- 
IAL AS RECEIVED FROM 
THE SUPPLIER. APPLIED 
50 m3 OF 2 PERCENT 
SOLUTiON IN ACETONE. 

Figure 1. - Thin l aye r  chromatography of S t ruc ture  X 
samples (no impurit ies de tec ted) .  

SAMPLE A :  APPLIED 10 nm3 OF 11 PERCENT ACETONF SOLUTION. 
SAMPE B: APPLIED 50 m3. CY 2 PERCENT ACETOISZ SOLVTION. 

Figure 2. - Thin l aye r  chromatography of S t ruc tu re  X azide a f t e r  
15 months r e f r ige ra t ed  s torage  (two types of 
impurit ies de tec ted) .  
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SAMPLE A: 50 nm3 OF AGED SOLUTION 
SAMPLE B: DUPLICATE OF A 

Figure 3. - Thin layer  chromatography of pure Structure  X azide 
(suffered p a r t i a l  decomposition standing i n  acetone 
solut ion a t  297°K for 2 - 3 days). 

s t ruc tu re  of impurit ies.  The conclusions drawn from the infrared work 
employing carbon te t rachlor ide  and chloroform as solvents a re  discussed 
i n  t h e  following paragraphs. 

The impurit ies known t o  be present i n  Sample 1 do not y i e ld  recogni- 
zable charac te r i s t ic  absorptions. This may be due t o  t h e i r  absorptions 
being masked by bands of the  major component ( the  azide) ,  t o  the low 
concentration of the  impurit ies,  or conceivably t o  the  impurit ies being 
poorly soluble i n  the solvents employed. 
Figure 4. 
sequent ia l ly  with a high-resolution grat ing spectrophotometer 
and recorded on t h i s  char t .  The scans of Samples 1 and 2 a re  
indistinguishable.  

This point i s  i l l u s t r a t e d  i n  
Samples 1 (impure) and 2 (pure) and the  solvent a re  SCaMed 

Measurements with a sodium chloride prism spectrophotometer were made 
of t h e  absorption band peaking a t  2138 em-'. 
t he  azide group i n  Structure X f o r  a l l  four samples. 
were calculated therefrom and the  values a re  shown below f o r  sample 
solut ions i n  chloroform a t  12 kg/m3 concentration. 

This i s  cha rac t e r i s t i c  of 
The absorp t iv i t ies  

7 
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Absorptivity a t  2138 cm-l* 
Sample m3/g-m) 

Q ,287 
8,289 
0,294 
0.289 

Since the re  i s  no other evidence t h a t  Sample 3 i s  of grea te r  pu r i ty  
than 2 o r  4 and since other absorpt ivi ty  measurements with t h e  P.E. 521 
reverse the  order of Samples 3 and 4, it i s  d i f f i c u l t  t o  conclude t h a t  
t he  small differences i n  t h e  numerical values a re  meaningful. However, 
from the  s c a t t e r  i n  the  above absorp t iv i t ies ,  t he  conclusion may be 
drawn t h a t  t he  concentration per gram of azide funct ion i n  Sample 1 is ,  
within t h e  l i m i t s  of e r ro r  of measurement, equal t o  t h a t  of t h e  pu r i f i ed  
samples. I n  view of t he  TIC r e su l t s ,  we then t en ta t ive ly  conclude t h a t  
Samples 2 ,  3, and 4 a re  probably above 99 percent pure and Sample 1 has 
97 percent o r  b e t t e r  puri ty .  

It should be mentioned t h a t  no attempt was  made t o  recover impuri t ies  
i n  concentrated form from the  r ec rys t a l l i za t ion  work f o r  in f ra red  exami- 
nation. This would have been highly des i rab le  from t h e  spectroscopis t ' s  
viewpoint, but  promised t o  be a time-consuming e f f o r t .  

A l imi ted  inves t iga t ion  w i t h  u l t r av io l e t  spectrophotometry was 
made of t he  Structure  X samples described above. 
r ead i ly  in te rpre tab le  and are  summarized i n  t h e  following paragraphs. 

The r e s u l t s  are 

A t  l o w  concentrations of azide i n  carbon t e t r ach lo r ide  solvent,  
such as 0.01 kg/m3, an absorption band peaking a t  264 nm i s  
formed which i s  taken t o  be cha rac t e r i s t i c  of Structure  X. Two sets of 
measurements of abso rp t iv i t i e s  a t  264 nm were made w i t h  the  
following r e su l t s .  

Absorptivity a t  264 
m3/g-m 

15.2 14.5 
16.1 15.1 
15c.3 15.4 
14.7 15 .1  

As i n  t h e  inf ra red  work, it appears from t h e  d i r e c t  assay standpoint 
t h a t  t h e  pu r i ty  of Sample 1 i s  equivalent t o  t h a t  of 2, 3, and 4 within 
t h e  s c a t t e r  of t h e  measurements, which appears t o  be about +3 percent. 

A t  a high concentration of azide i n  solvent (10 kg sample/m3 C C l 4 )  
a l l  samples a re  e s sen t i a l ly  opaque below 320 n?m0 However, 
Sample 1 (impure) exhib i t s  a d i s t i n c t ,  wel l  developed shoulder on t h e  
absorpt ion curve i n  t h e  330-375 nm region and lesser absorption 
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t r a i l i n g  across the  e n t i r e  range t o  750 nm. 
do not exhib i t  t h i s ,  s o  t h e  e f f e c t  may be ascribed t o  impuri t ies  i n  Sample 1, 
The differences i n  absorption between impure and pure samples should have 
immediate u t i l i t y  as a c r i t e r i o n  f o r  pur i ty .  The present completed inves t i -  
ga t ion  does not e s t ab l i sh  whether the extraneous absorption sh@n by 
Sample 1 i s  brought about by only one or by both types of impuri t ies  
found by TLC t o  be present i n  Sample 1. 

The pu r i f i ed  samples 

The u l t r a v i o l e t  absorption spectra  a t  low and high concentrations f o r  
Samples 1 and 2, obtained by successive scans recorded on t h e  same char t  of 
a spectrophotometer, a r e  reproduced i n  Figure 5 

Storage and handling of azide: Storage of c r y s t a l l i n e  S t ruc ture  X azide 
a t  temperatures i n  t h e  range =f 260.3 tc 286°K zeems s a t i s f a c t o r y  for  minimi- 
zing degradation i n  view of our overa l l  experience. 

It was found t h a t  Structure  X su f f e r s  p r a c t i c a l l y  no hydrolysis on 
20-day standing under water a t  room temperature. 
easy t o  f i l t e r  Structure  X out of a water s l u r r y  and t o  recover free-flawing 
ma te r i a l  of unal tered melting point by room temperature drying. 
f indings ind ica te  the  p o s s i b i l i t y  of employing water s l u r r i e s  i n  some 
s i t u a t i o n s  t o  eliminate shock and heat s e n s i t i v i t y  of t he  azide. 

It was  also found t o  be 

These 

Prepolymer s tudies .  

Prepolymer production: An 0.02 m3 reac tor  located i n  f a c i l i t i e s  of 
t h e  Goodyear Ti re  and Rubber Company was employed f o r  preparat ion of two 
prepolymer batches. A photograph of t h e  steam-jacketed reac tor  with t h e  
r e f l u x  condenser a t tached i s  shown i n  Figure 6. 
through t h e  opening made ava i lab le  by removal of t h e  condenser. 
was withdrawn from t h e  valved bottom opening. 

Reactants were charged 
The product 

A t r i a l  run was made t o  check operabi l i ty  and a b i l i t y  t o  an t i c ipa t e  and 
con t ro l  t h e  exotherm of t h e  prepolymerizing react ion.  
run No. 5 GR-2 t o  make prepolymer from HP-370 polyol and p,  p'-diphenyl 
methane diisocyanate a t  an - NCO/-OH r a t i o  of 0.3. 
caused an i n i t i a l  overshoot by about 1 5 ° K  
of 3 9 8 " K ,  no r e a l  difficult ' j r  i n  control  was  experienced. 
cook, cooling was effected by cu t t ing  off steam and slowly adding acetone 
through t h e  ref lux condenser with t h e  s t i r r e r  continuing t o  operate. 
Acetone refluxed vigorously and most of t he  cooling from 3 9 8 ° K  was ef fec ted  
by t h e  ref lux.  A t  t h e  same time the concentration of acetone i n  t h e  
prepolymer w a s  b u i l t  up as  t h e  reac tor  contents cooled. I n  t h e  t r i a l  run 
d i f f i c u l t y  was experienced with product v i scos i ty  r i s i n g  too  r ap id ly  i n  
cool ing and s t a l l i n g  the  s t i r r i n g  motor. However, i n  run No, 5 GR-2, smooth 
"cut t ing" of v i s c o s i t y  with acetone during cooling was rea l ized .  
was discharged a t  a temperature 303 - 313°K. 
amounted t o  about 20,41 kg as  an 80 percent so l id s  i n  acetone solut ion.  

This w a s  f o l l w e d  by 

Although t h e  exotherm 
of the  scheduled cook temperature 

After t h e  two hour 

The product 
The prepolymer recovered 
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Figure 6. - Steam-jacketed reac tor  with r e f lux  
condenser attached. 

Prepolymer inspection: The viscosity-temperature r e l a t ionsh ip  f o r  a 
pye-polymer sample withdrawn from run No. 5 GR-2 before  s t a r t i n g  the  acetone 
addi t ion c lose ly  followed t h a t  faund i n  laboratory preparat ions of prepolymer. 
When the  prepolymer was incorporated i n t o  a standard precoat formulation, 
t he  hot-bar s t ick ing  temperature of t h e  product foam ran 422-428"K, i n  
sa t i s f ac to ry  agreement with previous work. I n  respec t  t o  freedom from 
cloudiness,  caused by a small amount of suspended g e l ,  t h e  ma te r i a l  appeared 
de f in i t e ly  b e t t e r  than any e a r l i e r  smaller s ca l e  labora tory  preparations.  

The product from run No. 5 GR-2 suff iced f o r  a l l  precoat sheet ing 
s tudies  and f o r  production of sheeted precoat f o r  r i g i d i z a t i o n  Of 1.52 
meter so l a r  concentrators a t  t h e  Langley Research Center. 

12 



Precoat formulation. 
4) 

Mixing ingredients:  No problems were encountered i n  sca l ing  up 
batch s i z e  of Formulation No. 394-91 from an e a r l i e r  maximum of about 
0.4 kg (beaker and magnetic s t i r r e r  plus  manual s t i r r i n g )  t o  1.8 kg 
mixed i n  a 0.00g m3 stainless steel bowl w i t n  a laboratory bench 
s i z e  dough mixer. 

De-acetonizing: Experimentation with 1.8 kg batches es tab l i shed  
t h a t  s l u r r i e s  could be de-acetonized i n  vacuum s a t i s f a c t o r i l y  If 
spread i n  t h i n  layers  carrying about 3 kg s o l i d s  m2. Shorter drying 

at room temperature gave a s a t i s f a c t o r y  product t h a t  appeared not t o  
have suffered undue degradation of azide while i n  contact with acetone. 

times could be obtained with higher vacuum; 8104 I 4 N / E ~  vacuum f o r  3 days 

Sheeting of precoat: The most expeditious approach t o  producing 
t h e  required 2.09 m2 of precoat sheet f o r  each concentrator t o  be 
r ig id ized  appeared t o  be the  use of a labora-+,my nydraulic press.  
This method was  chosen a f t e r  some preliminary consideration was given 
t o  other  procedures and a t e s t  had been made of sheeting with a 2 - r o l l  
m i l l  with t h e  rolls at  room temperature. 
q u a n t i t i e s  of sheeted precoat been required,  a more extended study of 
sheeting procedures would have been desirable .  

Had considerably l a r g e r  

Bonding of aluminum backup s t ruc ture  t o  pred is t r ibu ted  foam surface.  - 
Since an added support was required t o  handle t h e  r ig id ized  s o l a r  concentra- 
t o r  i n  a 1-g environment, it was necessary t o  devise a means of ty ing  t h e  
r i g i d i z e d  mirror t o  t h e  backup s t ruc ture  without imparting d i s t o r t i o n s  t o  
the  mirror. 
f u l l y  accomplished by a foam-in-place bonding of t h e  two s t ructures .  
Distor t ions due t o  t h e  pressure of foam expansion have been minimized 
by t h e  development of a programmed p a t t e r n  of local ized foaming, using 
c a r e f u l l y  control led quant i t ies  of material .  Such a programmed system 
was developed f o r  t h i s  application. 

I n  previous s o l a r  concentrator work, t h i s  has been success- 

A n  adequate bond was made using a r i g i d  urethane foam, but t o  obviate 
d i s t o r t i o n s  induced by foam shrinkage, a modified f l e x i b l e  foam system 
was considered and t r i e d .  A minimal amount of foam was used t o  e f f e c t  
t h e  bond i n  order t o  l i m i t  the  increased weight and t o  reduce shrinkage 
problems , 

The formulation which exhibi ts  acceptable propert ies  is:  

50 P B W  NIAX Poly01 LG-168 
50 PBW NIAX Poly01 LHT-240 
4 PBW Y-4349 Surfactant 
2 PBW Y-4499 C e l l  Opener 
2 PBW H20 

. 025 PBW T-9 Stannous Octoate 
52.1 PBW Toluene Diisocyanate 



Seam Development 

This t a s k  was s t a r t e d  by f i r s t  making a survey of prominent candidate 
adhesive systems not previously evaluated. 
assigned individual numbers (H-1 ,  H-2, e t c ) .  
H-numbered system i s  described i n  Table I. 
t h e  various t e s t s  conducted i s  documented i n  terms of t h e  H numbers. 

The p o t e n t i a l  systems were 
The const i tuants  of each 

The da ta  accumulated through 
~ 

General. - A t  t h e  beginning of t h i s  contract ,  t h e  s ta te-of- the-ar t  of 
making good qual i ty  seams i n  2.54 x 10-5 m polyimide f i lm required s igni f icant  
upgrading. 
were marginal in  i n t e g r i t y ,  not only from a s t r u c t u r a l  s t a d p o i n t  bu t  a l s o  
i n  r e f l e c t i v e  surface charac te r i s t ics .  Seams previously made had p i t s  and 
b l i s t e r s  which resu l ted  when exposed t o  temperatures approaching 450°K during 
the  foaming operation. 
f o r  t h e  purpose of improving t h i s  general  condition. 

Seams had been made which s t r u c t u r a l l y  s a t i s f i e d  t h e  requirement but  

Thus, t h e  seam development t a s k  was included herein 

The candidate adhesive systems were evaluated through a s e r i e s  of 
t e s t s  which measured t e n s i l e  l a p  shear, peel,  creep, and b l i s t e r i n g  propert ies  
of representat ive specimens. These t e s t s  were conducted a t  room temperature 
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Table I. -Description of H-numbered adhesives. 

C ode 

H - 1  

H -2 

H-3 

H -4 

H-5 

H-6 

Type Sample 

40 PBW #46971 duPont Adhesivt 
1 PBW # ~ c 8 0 5  duPont Catalyst  
36 PBW Trichloroethylene 
5 PBW Dimethylformamide 

Same as H - 1  

40 PBW #46971 duPont Adhesiv 
1 PBW #RC805 duPont Catalyst  
2 3  PBW Trichloroethylene 

CMC -ll* 

Mystik #7361 

CMC -141s 

* Curcuit Materials Company 

~~~ ~ 

Adhesive Coat 

1 Spray Coat 

2 Spray Coats 

2 Brush Coats 

1 Ply Unsupported 
Tape 

1 Ply Unsupported 
Tape 

1 Ply Unsupported 
Tape 



and a l s o  a t  478"K, which provided an ample margin i n  consideration of 
t h e  436°K temperature ul t imately real ized i n  t h e  vacuum foaming opera- 
t ion .  

The following paragraphs describe these t e s t s ,  and t h e  r e s u l t s  
obtained. A l l  t e s t s  were conducted on specimens made from aluminized 
Kapton f i l m  s ince it was known t h a t  some adhesives behave d i f f e r e n t l y  
on t h e  bare  s ide  of aluminized f i lm than on t h e  same type film t h a t  
has not been through t h e  vacuum metall izing process. One of severa l  
differences i n  physical  c h a r a c t e r i s t i c s  of the  two mater ia ls  i s  a 
difference i n  t h e i r  re ten t ion  of a s t a t i c  charge, Also, t h e  conditions 
t h e  mater ia ls  experience during the vacuum coating process may c o n t r i -  
bute  t o  t h e  difference i n  behavior of t h e  aluminized polyimide f i l m  and 
t h e  non-aluminized polyimide f i  Im. 

Tensile l a p  shear t e s t s .  - The t e n s i l e  l a p  shear samples were 
2.54 cm. wide with a 2.54 cm. l a p  j o i n t  and a gage length of 15.24 cm. 
The load r a t e  was  6.2 cm. per minute and t h e  specimens were soaked a t  
t e s t  temperature (room temperature and 478°K) f o r  3 minutes p r i o r  t o  
t e s t i n g .  
and H - 1  and H-5 (pressure sens i t ive) .  
Table 11. 

The adhesives t e s t e d  were H-4 and H-6 (hea t  sealed a t  505°K) 
These t e s t  r e s u l t s  a r e  given i n  

Peel  t e s t s ,  - The pee l  t e s t  samples were 5.08 cm. wide with a 
5.08 cm. l a p  j o i n t .  
and t h e  samples were soaked a t  t e s t  temperature (room temperature 
and 478°K) f o r  f i v e  minutes. 
and H-5. 

The j a w  separation r a t e  was 5.08 cm. per  minute 

The adhesives t e s t e d  were H-1 ,  H-2, H-3, 
The t e s t  r e s u l t s  a r e  given i n  Table 111. 

Creep t e s t s .  - Specimens f o r  the  creep t e s t s  were prepared l i k e  
those f o r  t h e  t e n s i l e  t e s t s .  
applied.  This i s  t h e  a c t u a l  load t h a t  t h e  mater ia l  was subjected t o  
during the  r i g i d i z i n g  process. A t  room temperature .48 k g p e r  cm. 
represents  11 percent of t h e  f i l m  strength while a t  478"K., .48 kg 
per  cm. represents 16 percent of the f i l m  strength and approximately 
30 perceat  of t h e  seam strength.  

A constant load of .48 kg per cm. was 

Figure 7 shows t y p i c a l  e l a s t i c  deformations and 5-minute creep 
A t  curves f o r  controls  and seams a t  room temperature and a t  478°K. 

room temperature no s i g n i f i c a n t  creep may be expected a f t e r  3 or 4 
minutes a t  the  .48 kg per  cm. load. 
after 5 minutes. 

However, a t  478"K, creep continues 

I n  Figure 8 it i s  noted t h a t  the  controls  approached zero creep 
r a t e  wi th in  one hour ( a t  478°K) w h i l e  t h e  seam specimens continued t o  
creep at a very d e f i n i t e  r a t e .  One hour t e s t s  were adequate t o  provide 
c reep  information f o r  t h i s  appl icat ion since,  i n  t h e  a c t u a l  r i g i d i z i n g  
process ,  t h e  seam would be exposed t o  t h e  high temperature f o r  approxi- 
mately one minute before the  cool-down w a s  t o  s tar t .  The curve shows 
t h a t  f o r  a 5-minute period a t  478°K t h e  creep would be 0.5 mm, which i n  
t h i s  appl ica t ion  i s  negl igible .  
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Table 11. - Tensile l a p  shear t e s t  r e s u l t s .  
I 

Ultimate Load (kg) - Adhesive Coat Type Sample Min Max Clvg b - 
11.8 
6.5 
9.9 
3 06 

12.0 
3.3 

11.5 
4.8 

12.8 
4.1 

10.4 

3.9 

12 .O 

- 
- 
- 
- 
- 

- 

3.8 
- 

11.4 
6.1 

12.5 
7.3 

None 
None 

1 R T C  
478 O K  

'olyimide Filma 
'olyimide Filma 
~ 

H-5 
H-5 

8.9 
3.3 

11.2 
3.8 

1 PlY 
1 PlY 

RT I 478"Kd 
~ 

RT 
478 O K  

RT 
478 O K  

H -4 
H -4 

10.9 
2.9 

10. g 
4.4 

7 

12.6 
3 e6 

11. g 
5.3 

- 
1 p l y  - heat sealed 
1 ply  - heat sealed 

1 ply  - heat sealed 
1 ply  - heat sealed 

H-6 
H-6 

1 spray coat ,- heat  sealed 
1 spray coat - heat sealed 

H - 1  
H - 1  

12.0 
3.9 

13.7 
4.4 

RT 
478 "K 

8.8 

3.4 

12.9 

4.2 

H -2 

H -2 

2 spray coats - heat sealed 

2 spray coats  - heat sealed 
at 505 "K 

at  505 "K 

RT 

478°K 
11.7 

3.4 

2 . 5  

4 .1  

H-3 

H-3 
spray 'Oat - heat sealed 1 brush coat 

Notes: a Control sample. 
b Average ult imate load i s  f o r  f i v e  samples. 
c RT - room temperature. 
d During 478°K t e s t i n g  a l l  f a i l u r e s  occurred 

Table 111. - Feel t e s t  r e s u l t s .  

Ultimate Load (kg) Test 
Temp Adhesive Coat 

1 Ply 
1 Ply 
2 spray coats  - heat  sealed 
2 spray coats  - heat  sealed 

2 spray coa ts  - contact 

2 spray coats  - contact 
bonded 

bonded 

1 PlY 
1 Ply 

1 PlY 

Min 
RT 
478 O K  

H-5 
H-5 

45 
07 

RT 
478°K 

RT 

- 
4 7 8 " ~  

6.4 4.1 
.28 

E-2 
H -2 

2.27 
09 

H -2 

H -2 

.68 

.06 

RT 
478°K 

H-4 
H -4 
H-6 
H 4  

RT 
478 O K  1 P l y  
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Figure 7. - Creep t e s t s  of H f i lm adhesives. 

Bl i s te r ing  t e s t .  - Blis te r ing  t e s t  samples were made with 25.4 cm 
diameter d i scs  with a seam across the diameter. Precoat foam mater ia l  
was applied t o  the samples. 
f i x t u r e  which was i n s t a l l e d  i n  a vacuum chamber. The chamber was evacu- 
a ted  and the  samples pressurized which applied a load t o  t h e  seam. The 
precoat mater ia l  was act ivated and the  samples were r ig id ized  i n  a dome 
shape. Three d i f f e r e n t  pressures were used i n  three  d i f fe ren t  t e s t s  
i n  which t h e  load was var ied from .48 t o  .72 t o  .89 kg per cm. I n  each 
case, only negl igible  evidence of p i t t i n g ,  b l i s t e r i n g ,  or separation 
was noted. 

They were then clamped i n  a pressurizing 

A review of t h e  physical  t e s t  data on t h e  various seaming materials 
shows t h a t  t h e  H-2 adhesive, applied i n  two coats by spraying and heat * 

sea led  a t  505"K, was superior t o  the other  adhesive systems. 
l a p  shear t e s t  r e s u l t s  ranked second only t o  t h e  H - 1  r e s u l t s  while t h e  

I t s  t e n s i l e  
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Figure 8 (Sheet 1). - Creep t e s t s  on H f i l m  adhesives  a t  478°K. 
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peel  t e s t s  ranked f i r s t .  
t o  have a clear  advantage las t ing  over 160 minutes before f a i lu re  while, 
t h e  next best ,  H-3 system fa i l ed  a f t e r  100 minutes. 

The creep t e s t  resu l t s  shows the H-2  adhesive 

Based on these resu l t s ,  t he  H-2 adhesive and sealing system was selected 
fo r  use f o r  the mirror fabrication. 

Fabric a t  ion 

General. - Two solar  concentrators were constructed f o r  t h i s  program. 
This construction necessitated the development of d e t a i l  manufacturing proce- 
dures, and also the  design and fabricat ion of a t e s t  f i x tu re  f o r  restrain- 
ing the t e s t  a r t i c l e  and performing related tasks. Several sub-assemblies 
were fabricated pr ior  t o  the in s t a l l a t ion  of the t e s t  a r t i c l e s  i n t o  the  
f ix ture  f o r  completion in  the vacuum chamber. The procedure was as follows: 

Design and bui ld  t e s t  f ix ture .  

Make precoat sheet material  i n  segments t o  ult imately cover 
inf la ted film i n  mirror area. 

Make polyimide f i l m  sub-assembly. 

Make r ing type backup structure.  

Ship above items t o  Langley Research Center f o r  use i n  18-29 m 
diameter vacuum sphere. 

I n s t a l l  t e s t  f ix ture  i n  chamber. 

I n s t a l l  film sub-assembly on f ix tu re  and inf la te .  

Apply pre-coat sheet t o  back of film. 

Complete setup by checking contour, making necessary adjustments, 
and putting heat source i n  place. 

(10) Evacuate chamber and apply heat, causing foaming of precoat material. 

(11) Bring chamber t o  ambient pressure. 

(12) Add backup s t ructure  using low modulus urethane foam system. 

(13) Remove mirror from f ix ture .  

The above steps are individually described i n  subsequent paragraphs 

20 

I 



Test f i x t u r e  design and fabricat ion.  - This t e s t  f i x t u r e  was provided 
for  t h e  r i g i d i z a t i o n  of t h e  1.52-meter diameter parabolic conaentrators i n  
t h e  vacuum sphere. The t e s t  f i x t u r e  had t o  serve numerous functions as 
described below. . 

Provide accurate location and support of the  i n f l a t a b l e  membrane 
throughout the  t e s t  cycle. The membrane attachment to t h e  t e s t  
f i x t u r e  simulated attachment t o  an i n f l a t e d  sphere o r  l e n t i c u l a r  
shape . 
Provide a means f o r  precise adjustment of the  contour- p r i o r  t o  
t h e  r i g i d i z a t i o n  task.  

Provide means f o r  accurate pressure cont ro l  without leakage 
through t h e  s t ruc ture  before, during, and a f t e r  exposure t o  
t h e  vacuum environment. 

Provide a means for accurately measuring the  contour of t h e  
parabolic shape a t  specif ic  predetermined r a d i i  a t  any t i m e  
t h a t  the membrane was attached t o  t h e  f ix ture .  Also, provi- 
sions had t o  be made t o  permit r e t r a c t i o n  of t h i s  measuring 
device while a t taching the membrane o r  removal of t h e  mirror 
t o  prevent damage t o  t h e  mirror surface. 

Provide means f o r  exposing the  foamable composition t o  a 
control led heat f l u x  t o  i n i t i a t e  and cont ro l  t h e  foaming 
a c t  ion 

Provide means of measuring the temperature of the  foam 
composition a t  pre-determined points  i n  the  foamable mater ia l  
throughout the foaming process. 

Provide means f o r  v i s u a l  inspection of t h e  mirror surface while 
attached t o  t h e  t e s t  f ix ture .  

Provide access f o r  attachment of a backup s t ruc ture  t o  t h e  
completed r e f l e c t o r  pr ior  t o  removal from t h e  t e s t  f ix ture .  

Provide means f o r  control l ing these systems from outside of the  
vacuum sphere. 

The t e s t  f i x t u r e ,  designed and fabricated t o  s a t i s f y  these functions,  
I n  t h i s  photo t h e  major components are i n  place 

The heating 
i s  shown i n  Figure 9. 
with t h e  exception of t h e  heater  and t h e  membrane clamp ring. 
element i s  shown i n  Figure 10. 
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Figure 9. - Membrane mounting and alignment system. 

Figure 10. - Heating element and thermocouple arrangement. 
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t This t e s t  f i x t u r e  cons is t s  of a t r i p o d  type frame assembly t o  which 
The base p l a t e  serves as i s  attached a 2.134 meter diameter base p la te .  

a closure t o  which the  i n f l a t a b l e  membrane i s  attached, and has an O-ring 
type groove around t h e  periphery f o r  seal ing the  membrane. 
clamp band with a matching groove clamps the  membrane t o  the  base p la te .  
This base p l a t e  a l s o  contains a plexiglass  window f o r  v i s u a l  observations. 
I n  t h e  center  of the  base p l a t e  i s  t h e  mechanism f o r  r a i s i n g  and lowering 
t h e  contour measuring arm, through a dis tance of 5 cm. 
p l a t e  a l so  contains a 5 cm diameter a i r  l i n e  port  f o r  t h e  pressurizat ion 
system, and the  port  f o r  d i f f e r e n t i a l  pressure transducers. A recess i s  
provided i n  t h e  center  area of t h i s  p l a t e  f o r  the contour measuring 
arm drive uni t .  Attached t o  t h e  three v e r t i c a l  l e g  members of t h e  
t r i p o d  a r e  three  addi t iona l  s t r u c t u r a l  members which support a hub 
f i t t i n g  a t  the  center ,  above the  t e s t  a r t i c l e .  This hub i s  fox t h e  
purpose of locat ing an adjustable  center stem f o r  attachment of t h e  
membrane hub, the heating c l c m n t ,  and t h e  ccntcur measuring t o o l  
( see  Figure 9). 

A two piece 

This center  

The adjustable  stem of t h i s  f i x t u r e  has a minimum t r a v e l  of 0.9 cm 
i n  t h e  horizontal  plane and a minimum t r a v e l  of f .25 cm i n  t h e  v e r t i c a l  
plane. 

The heating element mounts on t h e  stem, and i s  adjustable  through 
60 cm i n  the v e r t i c a l  direct ion.  
stowing t h e  element i n  a pos i t ion  fa r  enough above t h e  membrane t o  
permit convenient i n s t a l l a t i o n  of the membrane and subsequently t h e  
foamable material .  The hea ter  can then be lowered t o  i t s  desired 
pos i t ion  during the  foaming phase. This heating element cons is t s  of 
a s p i r a l  winding of two p a r a l l e l  c i r c u i t s  of 9 gauge (0.29 cm diameter) 
heat ing element wire 1 a - ~ f  nq z .*=:I , : d ~ ~ - t  G? 2.22C3 ohm; 
per meter. The heating element has an outside diameter of 1.57 cm. 
A spacing of 2.54 cm was maintained between wires. 
46.1 meters of wire. 
t h e  same contour as t h e  t h e o r e t i c a l  parabola being used. 
element i s  attached t o  t h e  support arms by porcelain coated hooks. 
A l l  solder ing was done w i t h  s i l v e r  solder ,  and mechanical junctions 
were provided where possible.  This heating element a l s o  provides t h e  
support f o r  36 copper-constantan thermocouples which were u t i l i z e d  t o  
monitor t h e  temperature of t h e  foamable mater ia l  throughout t h e  foaming 
cycle. 
g l a s s  f i b e r  tape and were so located t h a t  each monitored an equal 
surface area. 

This  movement provides a means f o r  

Each c i r c u i t  contains 
The support arms f o r  t h e  heating element describe 

The heating 

These thermocouples were attached by means of a high temperature 

The contour measuring t o o l  i s  comprised of an arm which extends 
from, and r o t a t e s  through 360" on the  stem attached t o  the  frane assembly. 
This arm c a r r i e s  e ight  v e r t i c a l l y  mounted Linear Variable D i f f e r e n t i a l  
Transformers (LVDT's). 
each i s  mounted a spher ica l  button which contacts the  i n f l a t e d  mirror. 

On the  l i g h t l y  spring loaded movable plunger of 
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The inductance of t he  LVDT i s  determined by the  v e r t i c a l  pos i t ion  of t h e  
p l w e r ,  which i s  i n  t u r n  dependent upon the  but ton pos i t ion  as it contacts  
t h e  mirror,  Thus t h e  LVDT's measure t h e  d i f fe rence  between t h e  a c t u a l  and 
t h e o r e t i c a l  parabola. 
ca l ibra t ion .  A template defining t h e o r e t i c a l  mirror contour i s  used t o  
e s t ab l i sh  zero s e t t i n g  of each LVDT. The LVDT's a r e  located a t  equal a rea  
in t e rva l s  of the mirror contour. 

Figure 9 shows the  contour measuring arm during 

The support arm can be lowered 5 cm so t h a t  t he  LVIYT's will not exer t  
pressure on the  r e f l ec to r  membrane during i n s t a l l a t i o n  of t h e  membrane. 
Needle bearings a re  used at t h e  c e n t r a l  shaf t  attachment t o  insure alignment 
and ye t  permit up and d a m  movement. 
a spr ing loaded p l a t e  recessed i n  t h e  arm r ides  on top  of a b a l l  t h r u s t  
bearing f o r  support of t he  arm. 
attached t o  the  c e n t r a l  shaft and t h e  dr ive  motor. The dr ive  motor i s  a 
synchronous type having a speed of 40,2 rps and a torque value of 144,000 
gr.  cm. The mating torque motor i s  located i n  t h e  con t ro l  console. The 
mechanism f o r  r a i s ing  and lowering the  arm i s  located i n  t h e  center  base 
p l a t e  of t h e  frame assembly. 
mechanism funct ion through s e a l  glands. 

When t h e  a r m  i s  i n  t h e  up pos i t ion ,  

The a r m  i s  dr iven through a gear mechanism 

A l l  rods used i n  t h e  r a i s i n g  and lowering 

The sketch below schematically shms t h e  pressure con t ro l  system 
u t i l i z e d  t o  prec ise ly  cont ro l  t h e  d i f f e r e n t i a l  pressure wi th in  t h e  membrane 
p r i o r  t o ,  during, and a f t e r  evacuation of the chamber. Through t h e  use 
of t h i s  system, and t h e  a b i l i t y  t o  monitor t h e  contour using t h e  contour 
measuring device described above, t h e  membrane shape was accurately 
maintained throughout t he  c r i t i c a l  period of r ig id i za t ion .  

PRESSURE TRANSDUCER 

DIFFERENTIAL 
PRESSURE GAGE 

NEEDLl3 
EXTERNAL 
A I R  SUPPLY 

VALVE VALVE 
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. 
This t e s t  f i x t u r e  was control led and monitored remotely during use 

i n  the  vacuum chamber with the  console and recording device p ic tured  
i n  Figure 9. This f i x t u r e  performed s a t i s f a c t o r i l y  on t h i s  program. 

Mater ia l  preparat ion and subassembly. 

Membrane fabr ica t ion :  Three complete membrane assemblies were 
f ab r i ca t ed  a t  GAC f o r  use on t h i s  program. 
l i n e s  t h e  f ab r i ca t ion  procedure used. 

The following paragraph out- 

The individual  gores (24 per u n i t )  of 2.54 x 10-5 m aluminized polyimide 
film were rough trimmed. The layup operation w a s  accomplished on a 24 segment 
three-dimensional t o o l  which was ava i lab le  a t  GAC. 
adjacent gores was accurately made by overlapping the  adjacent gores 
and ciif . t ing them R S  one. 
sealed w i t h  the  tape using an iron e l e c t r i c a l l y  heated t o  505°K. 
t ape  used was 1.27 cm wide with the H-2 adhesive described i n  an e a r l i e r  
sect ion.  

The j o i n t  between 

The s c ~ q r )  was r~mnved and the  b u t t  Jo in t  
The 

Figure 11 shows a un i t  i n  process. 

Figure 11. - P a r t i a l l y  completed lay-up of gores on mold. 
3c; 
-1 
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After seaming was completed, the  metal hub was attached and securely 
sealed. The uni t  was then i n f l a t e d  and inspected. After  i n f l a t i o n ,  it was 
removed from the mold and mounted on the  packing f i x t u r e  f o r  storage and 
f u t u r e  shipment. 

Preparation of precoat sheet stock: Three l i k e  batches of precoat 
mater ia l  were prepared f o r  use i n  r ig id iz ing  1-52 m r e f l e c t o r s ,  
batches were car r ied  individual ly  through t h e  mixing, de-acetonizing, and 
sheeting operations. 
preparation. I n  t h e  work a t  LRC,  the  preliminary u n i t  was r ig id ized  with 
batch No. 3 and the  f i n a l  un i t  was r ig id ized  with batch No. 2. The spare 
batch of mater ia l  (No. 1) was not used. 

These 

The batches were numbered 1, 2 ,  and 3 i n  order of 

The precoat batches were formulated t o  reproduce t h e  chemical compo- 
s i t i o n  represented by Formulation No. 394-91 t h a t  had been developed i n  
e a r l i e r  work. This formulation i s  shown i n  t a b l e  I V .  

Some scaling-up and changes i n  techniques were involved i n  preparat ion 
of t h e  three  batches of sheeted precoat i n  comparison with e a r l i e r  work. 
This was a consequence of t h e  approximate s ix-fold increase i n  concentrator 
area t o  be r igidized.  

Table IV.  - Precoat formulation No. 394-91 

Component 

Hydroxyl-terminated prepolymer 

Azide s t ruc ture  X 

Bisphenol adduct of 4.4' - diphenyl methane 
diisocyanate" 

Surfactant L-5310b 

Tin ca ta lys t  D-22b 

Quartz f i b e r  (0-3 micron diameter)c 

Acetone ( f o r  p l a s t i c i z i n g  during mixing) 

Par t s  by Weight 

55 -4 

16.5 

26.0 

1.6 

0.5 

100 . 0 

2.0 

33 t o  40 

a 
Supplied by E. I. du Pont 

bSupplied by Union Carbide 
"Supplied by Johns -Manville 

26 



P r e p o l p e r  prepared i n  run No. 5GR-2 was csed, Each of t h e  t h r e e  
batches was formulated t o  contain 1.82 kg so l ids .  
a nominal 9.463 0,009 m3 k e t t l e  wi-ch a mixer'using medium speed 
f o r  30 - 40 minutes. 
over an a rea  of about 0.61 m2 i n  aluminum f o i l - l i n e s  t rays .  
were then laced i n  a chamber a t  room temperature and held a t  about 
83326.7 NJ2 vacuum ulltil de-acetonized t o  t h e  point  t h a t  the  mater ia l  was 
non-tacky t o  t h e  touch. 
It i s  known from previous work t h a t  a non-tacky s t a t e  of t h e  precoat 
a t  room temperature implies an acetone content under one percent. 
Hence for p r a c t i c a l  purposes,the observed weights of de-acetonized 
precoat may be used without 

Mixing was  done i n  

Immediately a f t e r  mixing, each batch was spread 
The t r a y s  

This required about t h r e e  days under vacuum. 

consideration of r e s i d u a l  acetone. 

1 

11 Processing time (mixing t o  completion 

Storage time f o r  batch,  days 

Age of batch when foamed, days 

of pressing and trimming), days 

After de-acetonizing, t h e  m a t e r i a l  somewhat resembled a rough and 
porous t a f f y  sheet with an average weight per unit  area of 3 kg/m 2 . 
This sheet was then cut i n t o  sections and pressed i n t o  sheets of 
approximately 0.51 mm thickness with a t a r g e t  weight per un i t  a rea  of 
about 0.65 kg/m2. 
heated platens was used i n  t h i s  operation. It was found t h a t  t h e  
mater ia l  could not r e a d i l y  be pressed t o  the  desired t h i n ,  uniform 
sheet  with platens a t  room temperature; so it was necessary t o  press  
with platens heated t o  311 - 316'K and a pressure of around 100 kg/c$. 
S t i l l  higher p la ten  temperatures would have f u r t h e r  eased the  time- 
pressure conditions for  pressing, but lacking full information on 
azide s t a b i l i t y ,  it seemed b e s t  t o  work at  the  lowest possible tempera- 
ture. Pressing was  done with 2.54 x 10-5 n pol.yet.hyl?ne film sheets on 
e i t h e r  s ide  of t h e  precoat, The sheets f a c i l i t a t e d  handling while trimming 
t o  spec i f ied  block s i z e s  a f t e r  pressing, acd then served as separators 
during storage and t ranspor ta t ion  of the f in i shed  blocks. The 
sheets  were f i n a l l y  removed (peeled o f f )  a t  t h e  time of applying t h e  
blocks t o  t h e  membrane of a concentrator. 

A 50-ton hydraulic press with 30 x 38 cm?elec t r ica l ly  

2 3 

18 8 

16 7 

34 15 

The time periods involved i n  preparing and s t o r i n g  the various 
batches of sheeted precoat a r e  gi-v-en here. 
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Back-up s t ructure  design and fabr ica t ion :  The s ingle  analysis  
summarized below was performed t o  determine the  s t r u c t u r a l  requirements 
of the  back-up s t ruc ture  i n  a 5.14 m/s wind condition. 

where F i s  the  f o c a l  dis tance and the  other quant i t ies  a r e  shown i n  Figure 
12, The f o c a l  dis tance i s  given by: 

r 
2 cot  # F =  

,", F = ,F cot  30" = . 3 8 6  = .658 m. 

For a 5.14 m/s wind load q = 1.66 kg/m2 

to The m a x i m u m  membrane forces ,  (which occur a t  the edge) are:  

On the basis  of these low s t r e s s  l e v e l s ,  a simple r ing  s t ruc ture  was 
designed and b u i l t .  The r i n g  was 2.54 cmdiameter aluminum tubing, and 
contained three equally spaced pads f o r  attachment of t h e  mirror t o  t h e  
supporting s t ructure .  
t o  the  mirror i n  two pieces and sp l iced  together  a f t e r  being placed i n  
pos i t ion  against  t h e  foamed back of the  mirror. Thus,the mirror could 
be supported by the  i n f l a t i o n  pressure u n t i l  t h e  back-up i s  completely 
attached. 
which would adhere t o  t h e  mirror foam and simply encapsulate t h i s  r i n g  
except a t  t h e  three a t tach  points .  

The r i n g  was designed such t h a t  it could be brought 

The planned attachment was  by use of a low modulus r i g i d  foam 

Setup/pre-vacuum operations: The t e s t  f i x t u r e  assembly (Figure 9 )  
was b u i l t  and checked out a t  GAC and then shipped t o  NASA Langley f o r  
u t i l i z a t i o n  i n  t h e  18.29 m diameter vacuum chamber. 
ca l led  f o r  a preliminary and a f i n a l  1.52-meter diameter concentrator 
t o  be r igidized i n  a vacuum environment. 
were t h e  same for both mirrors and consis ted of (1) membrane i n s t a l l a t i o n ,  
(2)  membrane pressurizat ion,  (3) membrane alignment, and (4 )  appl ica t ion  
of pre-coat and instrumentation. 

The program plans 

The setup/pre-vacuum operations 
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Figure 12. - Side view of paraboloid showing s t r e s ses  i n  r a d i a l  d i rec t ion .  

Membrane i n s t a l l a t i o n :  The contour measuring a r m  and t h e  dummy hub 
were removed from t h e  t e s t  f i x t u r e  assembly. The s e a l  gasket was placed 
on t h e  hub and t h e  hub was mounted t o  t h e  stem of t h e  frame assembly with 
gore seam No. 1 pointed a t  frame assembly l eg  No. 1. During f ab r i ca t ion ,  
a s p e c i f i c  gore with respect t o  the mold and t h e  hub was marked as gore 
No. 1. This provided a mold-hub or ien ta t ion  f o r  a l l  mirror membranes. 
This mounting of a l l  mirror membranes i n  an i d e n t i c a l  pos i t i on  eliminated 
t h e  amount of readjustment required. The contour measuring arm was then 
bol ted  t o  t h e  hub and stem assembly, caution being taken t o  keep t h e  
r o t a t i n g  port ion of t h e  arm i n  the  down pos i t ion .  Care was taken a t  a l l  



times t o  eliminate any wrinkling of t he  membrane. 
times and sh i r t  sleeves ro l l ed  down t o  el iminate  f inge rp r in t s  or  smudges 
on the  mirror surface.  

Gloves were worn a t  all 

The membrane was s t re tched  over t he  edge of t he  base p l a t e  with s u r g i c a l  
tubing u t i l i z e d  as an O-ring i n  t h e  p l a t e  O-ring groove. 
over t he  contour measuring arm was placed f i r s t  and t h e  remainder of t he  
mirror worked i n  both d i rec t ions  from gore No. 1. With the  O-ring i n  place 
t h e  membrane was i n f l a t e d  t o  a pressure of approximately 124.4 N/m2 
This i n f l a t i o n  was su f f i c i en t  t o  p u l l  t h e  O-ring t i g h t  against  t h e  upper 
pa r t  of t he  O-ring groove. Then the  two-piece clamp band was ins t a l l ed .  
Both j o i n t s  of t he  clamp band were t ightened equally and in te rmi ten t ly  at  
opposite s ides  t o  keep an equal pressure on t h e  O-ring and t o  e l iminate  
wrinkling of the membrane. Small rubber pads were i n s t a l l e d  i n  the  clamp 
band j o i n t s  t o  prevent any leakage i n  these areas.  

The gore extending 

Membrane pressurizat ion:  To  pressure the  membrane a t  ambient condi- 
t i o n s ,  ex te rna l  a i r  was used. This was accomplished by a t tach ing  a shop 
a i r  l i n e  t o  the pressure regulat ion system. The high pressure regula tor  
was adjusted t o  allow a pressure of 1 atmosphere on t h e  low pressure 
regula tor  shut-off valve. Both bypass valves were closed. The shut-off 
valve t o  t h e  low pressure regula tor  was then opened. The low pressure 
regula tor  was allowed t o  operate f u l l  open u n t i l  t h e  membrane was f u l l ,  
Then t h e  regulator  was adjusted t o  maintain 24.4 N/i112 pressure 
u n t i l  t he  clamp band was ins t a l l ed .  

Once the  clamp band w a s  i n s t a l l e d ,  t he  low pressure regula tor  was 
adjusted t o  give a d i f f e r e n t i a l  pressure of 5 l m  of water. A t  a d i f fe ren-  
t i a l  pressure of 49707 N/m2 t h e  shutdoff  I-alJe t o  t h e  l o w  pressure 
regula tor  was closed and a leak check was made. 
suspected, a soapy water so lu t ion  was used t o  check f o r  leaks.  
were repaired.  

Where membrane leaks were 
A l l  leaks 

The low pressure regula tor  was then adjusted t o  maintain a d i f f e r e n t i a l  
of 273.7 N/$, 
pressure f o r  foam r ig id iza t ion .  

E a r l i e r  t e s t s  had icd ica ted  t h i s  WEIS t h e  bptimurh membrane 

Membrane alignment: With a d i f f e r e n t i a l  pressure of 273<7 N/m2 
es tabl ished,  a contour measurement of t h e  membrane was  made. This f i rs t  
measurement of t he  contour was pr imar i ly  f o r  determining concent r ic i ty  of 
t h e  parabola. When t h e  b e s t  concent r ic i ty  of t h e  membrane was obtained, 
addi t iona l  measurements were made t o  determine i f  t h e  membrane had t h e  
proper parabolic shape. 
were made by r a i s ing  or  lowering t h e  stem i n  a v e r t i c a l  d i r e c t i o n  and by 
increasing or decreasing the  d i f f e r e n t i a l  pressure i n  the  membrane. From 
p r i o r  knowledge of the membrane movement during t h e  foaming process,  it 
was known t h a t  t h e  foaming operation would tend  t o  cause s l i g h t  contour 
change crea t ing  a s l i g h t l y  longer f o c a l  length e f f ec t .  
i n i t i a l  s e t t i n g  should be aimed a t  a shor t e r  f o c a l  length t o  Compensate* 

Adjustments t o  change t h i s  f e a t u r e  of t h e  membrane 

Therefore, t h e  
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The d i f f e r e n t i a l  pressure of 273.7 N/m2 was meintained during 
t h e  appl ica t ion  of t he  precoat m a t e r i a l .  
i n f l a t e d  and ready f o r  precoat.  

Figure 13 shows t h e  membrane 

Application of precoat and instrumentation: With the  membrane 
es tab l i shed  a t  i t s  optimum contour, the  outer  surface of t he  membrane 
was washed down w i t h  a so lu t ion  of methylethyl ketone (MEK) andl 
allowed t o  dry. 

Sheeted precoat mater ia l  was unpackaged and appl ied t o  the  membrane 
a rea  t o  be r igidized.  This a rea ,  mounting t o  2.09 m2, was bounded by 
t h e  hub ( O , l 5  m diameter) and by a c i r c l e  of 1-51 m diameter. 
t h i s  area,  67 precut f l a t  blocks of precoat sheet  were applied i n  four 
tiers as f o l l w s :  

To cover 

hub t i e r  - 8 blocks 

second t i e r  - 14 blocks 

t h i r d  t i e r  - 20 blocks 

rim t i e r  - 25 blocks 

A l l  blocks i n  a t i e r  were iden t i ca l  i n  s i z e  (trimmed on the  same p a t t e r n ) ,  
bu t  s i z e  and configurat ion var ied  somewhat from t i e r  t o  t i e r .  
configurat ion may be described as a f l a t ,  four-sided f igu re  with two 
opposing s ides  approximating meridians on a sphere and the  other two 
s ides  p a r a l l e l s  on a sphere. 

The 

The inherent discrepancies between a surface with three-dimensional 
curvature  and blocks cut t o  f l a t  pa t te rns  gave very l i t t l e  trouble.  I n  
some cases ,  however, t o  c lose  a t i e r  it was necessary t o  t r i m  t h e  s i d e  
of t h e  l a s t  block or  t o  add a narrow f i l l e r  s t r i p .  

A l l  blocks were kept cool  u n t i l  they were unwrapped immediately before  
use, t o  prevent them from becoming tacky. 

The p l a s t i c i t y  of t h e  blocks permitted them t o  conform quickly t o  t h e  
contour of t he  i n f l a t e d  mirror membrane a f t e r  being s e t  i n  place,  and t h e  
sur face  of the  blocks possessed su f f i c i en t  tackiness  t h a t ,  once s e t ,  they  
would remain i n  place. Thickness of t he  precoat blocks was about 0.51 mm * 5 percent ;  weight/unit a r ea  was 0.62 Q / m 2  * 5 percent. Figure 14 shows 
t h e  precoat i n  place. 

Follawing appl ica t ion  of precoat mater ia l ,  t he  heating element was 
With the  membrane not assuming a t r u e  parabolic 

On mirror  
lowered i n t o  posi t ion.  
shape, t he  heating element d id  not follow i t s  exact contour. 
No. 1 t h e  heating element was approximately 2.5 cm from t he  precoat 
ma te r i a l  a t  the  edge of t he  mirror and 5 cm from t h e  precoat mater ia l  at 
t h e  hub, During the  foaming process, one of the  safe ty  wire attachments 



Figure 14. - I n f l a t e d  membrane w i t h  p recoa t  i n s t a l l e d .  
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on t h e  heating element frame slipped and one port ion of the  outer edge dropped 
t o  about 1.3 cm from t h e  precoat material. During exotherm, the  membrane expan- 
ded and the foam mater ia l  ac tua l ly  encapsulated p a r t  of the  heating element. On 
mirror No. 2 the portion around t h e  hub was placed a t  5 cm from the material .  
Turnbuckles were placed on a l l  heating element arms t o  draw them up so the  outer 
edge w a s  a l s o  5 cm from t h e  precoat material. 

These thermocouples had s i l v e r  solder junctions. On the  preliminary u n i t  these 
thermocouples were posit ioned so  t h a t  they were pointing almost perpendicular 
t o  t h e  membrane. When the  membrane expanded during the  foaming process, a l l  
thermocouples formed a very d i s t i n c t  r a i s e d  mound on t h e  mirrored surface of t h e  
membrane. I n  f a c t ,  one of t h e  thermocouples ac tua l ly  punctured t h e  membrane. 
On t h e  f i n a l  mirror these thermocouples were made with a lead wire approxima- 
i r i y  15  cm long from t h e  heating e l m z n t  f r m e ,  m d  s t re tched  nut, along t h e  
surface of the  membrane l i k e  a long lever  arm. When the  membrane expanded they 
a c t u a l l y  followed t h e  motion of t h e  membrane. Also, on the  f i n a l  un i t ,  several  
thermocouples were covered with small patches of precoat material. These thermo- 
couples a r e  a l l  indicated on the thermocouple p l o t  locat ion ( see  Figure 15)a 

There were 36 thermocouples attache4 t o  t h e  heating element s t ructure .  

270 
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Rigidization. - The culmination of t h i s  program was t h e  appl ica t ion  of 
t h e  mater ia l  and process knowledge gained from e a r l i e r  tasks  t o  the  r i g i d i -  
za t ion  of two 1.52-meter diameter parabol ic  mirrors under vacuum conditions.  
The f i r s t  of these  un i t s  was f o r  t he  purpose of re f in ing  the  procedures and 
techniques. The second w a s  t h e  re f ined  product, representing e s s e n t i a l l y  
the  l e v e l  of development of t he  s ta te-of- the-ar t  a t  t h i s  time. 

A s  has been s t a t e d  e a r l i e r ,  t he  foam r ig id i za t ion  of t h e  concentrators 
was ca r r i ed  out i n  NASA Langley's 18.29 m diameter vacuum sphere, 
de t a i l ed  act ions taken t o  foam r i g i d i z e  t h e  two concentrators a re  s e t  fo r th  
i n  the  following paragraphs. 

The 

Vacuum chamber pump down: The pump-down procedure of t he  18'29 m vacuum 
sphere was similar f o r  both t h e  preliminary and f i n a l  t e s t  a r t i c l e s .  
t h e  vacuum sphere was sealed,  t he  ex terna l  a i r  pressure l i n e  connected t o  t h e  
pressure regulat ion system was disconnected. The high pressure regula tor  
was closed, and the  low pressure regulator  shut-off valve w a s  closed. For 
t he  preliminary u n i t ,  t h e  f i r s t  pump of t h e  sphere pumping system was s t a r t e d .  
The 2 ? 5  cm bypass valve was opened t o  bleed a i r  from t h e  mirror membrane 
i n t o  t h e  sphere. With only one pump running, a d i f f e r e n t i a l  pressure of 
248.8 N/m2 was maintained, Additional pumps were then s t a r t e d  one a t  a time 
t o  assure tha t  a 248,8 N/m2 d i f f e r e n t i a l  pressure would be maintained i n  
t h e  r e f l e c t o r  membrane a t  a l l  times. It was found t h a t  with a l l  s i x  
pumps i n  operation, a i r  could be b led  from t h e  mirror membrane f a s t  
enough t o  maintain t h i s  d i f f e r e n t i a l  pressure,  A s  a r e s u l t ,  on the  f i n a l  
u n i t  a l l  s i x  pumps were used immediately a t  t he  s t a r t  of pump-down. 

When 

To prevent possible  damage t o  t h e  f i r s t  un i t  due t o  reverse pressure on 
t h e  membrane, it was decided t o  run through t h e  complete foaming process 
without any shutdown time of t he  pumping system. Therefore, t h e  pumping 
process was s t a r t ed  a t  3 : O O  a.m.  and run till  completion. The la rge  bypass 
valve of t he  ressure  regulat ion system w a s  gradual ly  closed t o  maintain 
the  248.8 N/m' pressure d i f f e r e n t i a l  i n  t h e  membrane. 

When the  vacuum i n  the  sphere was such t h a t  readings could be made on 
t h e  micron scale ,  t h e  la rge  bypass valve was closed and the  small  bypass 
valve was opened f o r  f i n e  con t ro l  of t he  d i f f e r e n t i a l  pressure i n  the  
membrane. A t  a vacuum of 20 N/m2, t h e  pumping system became s t a b i l i z e d  
u n t i l  leaks were found i n  the  thermocouple s e a l  glands and sealed.  The 
pumping system then continued t o  pump down the  vacuum sphere u n t i l  a 
pressure of less  than 0.133 N/m2 was reached. 
be i n i t i a t e d  a t  a pressure of l e s s  than 0.133 N/m2. The preliminary mirror 
was foamed with an i n i t i a l  reading of 0.09 N/m2 on t h e  ion iza t ion  gage. 
A complete pressure-time h i s to ry  of t h e  pump-hours of t h e  vacuum sphere f o r  
t h i s  u n i t  i s  given i n  Table V. 

The foaming process was  t o  

On the  f i n a l  u n i t  it was decided t o  attempt a shutdown of t he  pumping 
system and hold overnight. 
and reached a vacuum of 11.60 N/m2 a t  shutdown time (approximately 4:OO p.m.). 

Pump-down was s t a r t e d  i n  t h e  ea r ly  afternoon 
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A t  t h i s  time a d i f f e r e n t i a l  pressure of 248.8 N/m2 was being main- 
ta ined  on the  mirror membrane. Knowing t h a t  t he re  would be a m i n i m u m  
amount of leakage i n t o  the  sphere overnight, it was decided t o  bleed 
a i r  i n t o  t h e  mirror membrane through the  low pressure regulator .  *The 
low pressure regulator  was s e t  f o r  a minimum pressure of 62.2 N/m 
water d i f f e r e n t i a l .  
znembrane a t  a l l  times. The following morning, t h e  vacuum sphere pressure 
had increased t o  a pressure of 106.66 N/m2. The mirror membrane d i f f e ren -  
t i a l  pressure was r eg i s t e r ing  5gL7  N/m2. 
t o  be i n  s a t i s f a c t o r y  condition from observations from the  sphere ports .  
On t h e  bas i s  of t h i s ,  t h e  pumping process was resumed and t h e  sphere 
reached a prefoaming pressure of 0.03 N/m2 on the  ion iza t ion  gage. 
A complete pressure-time h i s to ry  of t h e  vacuum sphere pump-darn f o r  t h e  
preliminary mirror i s  given i n  Table V I .  

Th i s  would maintain a pos i t i ve  pressure on the  

The membrane appeared . 

Precoat foaming operation: Figure 16 i s  a sequence which shows 
t he  foaming operation on the  preliminary mirror from s t a r t  t o  f in i sh .  
Figure 17 displays the  same operation on the  f i n a l  unit .  

When the  vacuum sphere was pumped down t o  l e s s  than 0.133 N/m2 
d i f f e r e n t i a l  pressure of the  membrane and the  sphere was s t a b i l i z e d  a t  
273.7 N/&, a contour Measurement was taken. Immediately following 
t h i s ,  t he  heat-up process was begun. The goal  was t o  r a i s e  t h e  temperature 
of t h e  precoat mater ia l  from ambient temperature t o  precoat foaming 
temperature a t  a constant r a t e  of 6.67"K per minute. 

On the  preliminary u n i t ,  t he  i n i t i a l  temperature of the  precoat 
ma te r i a l  w a s  299°K. 
aaperes was  applied t o  t h e  heating element. This was gradual ly  increased 
t o  120 v o l t s  a t  23.5 amperes at the  end of two minutes. 
two minutes fhere  was no indica t ion  of a temperature increase i n  the  pre- 
coa t  mater ia l .  However, from two t o  four  minutes t h e  temperature increase 
i n  t h e  precoat mater ia l  was a t  a r a t e  of about 3.3"X per minute. A t  t h i s  
time the  voltage was increased t o  140 v o l t s  a t  26.5 amperes. The temperature 
increase  i n  t h e  precoat mater ia l  from four  minutes u n t i l  t h e  time of foaming 
was a t  the  r a t e  of approximately 1 0 ° K  per minute. The current  being 
appl ied  t o  the  heating element remained the  same u n t i l  t he  cool-down 
por t ion  of t h e  process d i c t a t ed  a decrease i n  temperature. 

A t  t h i s  time, a voltage of 50 v o l t s  ac a t  9.5 

For t h e  first 

Light banks f o r  camera coverage, f o r  which locat ions a r e  shown on 
F i g w e  15, were p a r t i a l l y  turned on throughout the  heat-up period. 
The e f f e c t s  can be seen i n  Figures 16 and 17. 
t h e r e  was  a temperature spread of about 5.5"K between the  l i gh ted  s ide  
of t h e  experiment and t h e  s ide  d i r e c t l y  opposite t h e  l i gh t s .  However, 
at  this time a l l  l i g h t s  necessary for muvie cameras were turned on and 
remained on f o r  a per iod of 10 minutes. 
only a por t ion  of t h e  sphere and therefore  l e f t  a shaded area on t h e  
precoa t  material. 
temperature spread between t h e  l igh ted  s ide  and shaded s ide  of t he  precoat 
m a t e r i a l  continued t o  widen. 

A t  a temperature of 344°K 

These l i g h t s  s t i l l  encompassed 

F romth i s  time u n t i l  foaming of t h e  precoat mater ia l ,  
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Time 
(4-15-66) 

3:30 a.m. 
4:OO 
4:30 
5~00 

5:30 
6:oo 
6:30 
7:OO 
7:30 
8:oo 
8:30 
g:oo 
9:30 
1o:oo 
10:30 

11:oo 
l2:oo 
E:30 p.m. 
1: 00 

1:30 
2:oo 

Pref ire  
Post-f ire 

Table V. - 18.29 m sphere pressure-time chart 
for preliminary mirror - 

Absolute 
Pressyre 
(N/m ) 

5 9995 e 08 

6666,E 
3999.67 
1066.58 

- 
17331.91 

"A" gage 
( N/m2 1 

1066.58 
266.64 

79.99 
33.33 
22.66 
21.33 
20.00 

20.00 

170 33 
13.33 
13.33 
13 33 
13 33 
13* 33 
13.33 
13.33 
13.33 

- 
"B" gage 

( N/m2 1 - 

79.99 
33 0 33 
22.66 
21.33 
20.00 

20.00 

20 ,OO 

20 D 00 

21.33 
21.33 
14.66 
10.00 

6.00 
3.33 
1.60 
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Time 

I 

I 

I 

, 

4-19-66 
2:30 p.m. 

3 : O O  

3:30 
4:OO 

4:30 
5:OO 

5:30 
6 tOO 

6 :22 

4-20-66 
7:OO a.m. 

7:30 
8:oo 
a:30 
g:oo 
9: 30 

P e f  i r e  

Post-f i r e  

Table V I .  - 18,29 m sphere pressure- chart 

Absolute 
P r e s s y e  

(N/m 1 

26664 48 
10665; '(9 
4666 28 
2666.45 

for f i n a l  mirror. 

599- 95 
133 32 

266.64 
56 00 
17.33 
12.00 

12.00 

5.33 

33 33 
14,67 
1 ~ 6 0  

106.66 
63.99 
20.00 

12 7 00 

6.67 
0.80 

7.73 
0,47 

1.80 

-~ - -  ~ 

McLeod and/or 
ion iza t ion  gage 

( N/m2 ) 

0-03 
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On t h e  f i n a l  mirror t he  i n i t i a l  temperature of t he  precoat mater ia l  
was  293°K. 
was decided t o  have a pre-zero current  applied t o  the  heat ing element t o  
e l iminate  the  time lag  i n  the  f i r s t  p a r t  of t he  heat ing cycle. 
120 v o l t s  a t  23.5 amps were applied t o  the  heat ing element. 
t h e  temperature of t he  precoat mater ia l  began t o  increase,  and continued 
t o  do so a t  about 3.33"K per minute u n t i l  +2-1/2 minutes. 
t he  voltage was increased t o  130 v o l t s  a t  25.5 amperes. 
on i n  the  vacuum sphere at  t h i s  t ime, and t h e  temperature rose at a constant 
r a t e  of about 8.8"K per  minute on a l l  surfaces of t h e  precoat material .  
A t  a temperature of 2 4 4 " ~  a l l . l i g h t s  were turned on f o r  t h e  purpose of' 
taking movies. 
the  l i gh ted  and unlighted s ides  of t h e  precoat material .  However, t h e  
spread was not as  grea t  as on t h e  e a r l i e r  un i t .  
r i s e  increased t o  about 1 0 ° K  per minute from t h i s  time u n t i l  foaming. 
foaming began, f u l l  output of the  var iac  was applied,  t h i s  being 145 v o l t s  
a t  27.5 amperes. 
There were 36 thermocouples inibedded i n  the  precoat mater ia l .  
son of 10 randomly se lec ted  thermocouple temperature h i s t o r i e s ,  see 
Figure 18. 
w i l l  be noted t h a t  thermocouple No. 36 reaches a maximum temperature of 
only 370"K, whereas the  other  thermocouples approach 433°K. 
No. 36 was located so that it touched the  hub of the  mirror and was 
re ta ined  the re  by a small patch of precoat mater ia l .  

From the  heat ing information obtained on the  previous u n i t  it 

A t  -1 minute, 
A t  +1/2 minute9 

A t  t h i s  time 
There were no l i g h t s  

Again a temperature d i f fe rence  was not iceable  between 

The r a t e  of temperature 
When 

This  cur ren t  was held u n t i l  cut-back at  cool-down. 
For a compari- 

Very similar t rends were seen on the  preliminary uni t .  It 

Thermocouple 

A t  the  time foaming began, t he  temperature of t h e  wire i n  t h e  heat ing 
After  f u l l  cur ren t  was appl ied and t h e  foaming element had reached 336°K. 

ac t ion  had occurred, a maximum temperature of 449°K was reached on the  
heating element wire . 

There were no apparent changes i n  the  precoat  ma te r i a l  during the  

After reaching foam i n i t i a t i o n  temperature, ' 

heat-up process, as can be seen i n  view A of Figures 16 and 17. 

Foam r ig id i z ing  process : 
t h e  foaming behavior of the  precoat was approximately t h e  same f o r  each 
of t he  two mirrors and c lose ly  pa ra l l e l ed  e a r l i e r  t e s t s  of t h e  same 
precoat  formulation. 
view A of Figures 16 and 17) v i s i b l e  i n  t h e  precoat before foaming, had 
no influence upon t h e  coverage of the  membrane by the  f i n a l  foam. However, 
i n  t he  case of one or  two b l i s t e r s ,  approximately 10 cm across ,  a bare  spch 
about 0.5 cm i n  diameter was found a f t e r  r i g i d i z i n g ,  located a t  about t h e  
center  of t he  previous b l i s t e r .  

I n  general ,  b l i s t e r s  and pimples (such as shown i n  

The la rger  b l i s t e r s  and pimples t h a t  developed i n  the  precoat during t h e  
pump-dam a r e  bel ieved t o  have been caused by small amounts of a i r  trapped 
between t h e  i n f l a t e d  membrane and blocks of precoat  as t h e  precoat was applied. 
Smaller and more numerous pimples i n  the  range of 0 . 1 t o  0.5 cm diameter t h a t  
developed at the  same time a r e  ascr ibed t o  (1) acetone dissolved i n  t h e  pre- 
coat ,  (2)  a i r  trapped i n  the  precoat during t h e  press ing  i n t o  blocks,  and 
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(3)  possible slight decomposition of contained azide t o  produce trapped 
nitrogen d w i w  formulation, pressing, and storage before use. 

Q~a l i t a t iVe ly ,  there appeared t o  be fewer ridges i n  the  f i n a l  foam 
side surface of the f i n a l  unit  than i n  the earlier unit. 
seem generally t o  be produced by intersection of advancing foam fronts ,  
It i s  believed, therefore, t ha t  more nearly uniform heating of the precoat 
was achieved wi th  the last unit, t h a t  larger  areas reached initiation at 
the same time, and t h a t  there  were fewer major advancing fronts i n  t h e  
course of foaming the whole area (see Figures I6 and 17). 

Such ridges 

A noticeable contribution t o  r a t e  of heating the precoat *d? 5 *%LL 

This  by the bank of flood lamps used t o  illuminate the t e s t  assembly, 
secondary heating wa8 not uniform over the  membrane since the lamp bank 
was well  off the ver t ica l ,  
ment by delaying the turning on of illumination u n t i l  t he  precoat had 
reached about 344°K. 

The effect  was reduced i n  the second experlo 

Propagation velocity of advancing foam f ronts  appeared t o  be largely 
controlled through the heating of the precoat t o  i n i t i a t i o n  temperature 
by the  external radiant heat source. 
reactions i n  f a c t  died off i n  one o r  two extreme rim areas, receiving 
only low angle radiation from the  primary heating co i l ,  Thermocouple 
observations over the foamed surface and the sphere pressure-time 
observations are i n  agreement tha t  about four minutes ehpeed between 
f i r s t  and l a s t  signals of an exotherm i n  the second run. 
run, thermocouples were not qui te  so close t o  the rim and the  indicated 
period of foaming was a l i t t l e  shorter. 

Propagation of the foaming 

In  the  first 

The time-temperature records (Figure l8) f o r  thermocouples noPninslly 
embedded i n  the precoat before foaming do not generally indicate an 
exotherm reaching 450°K i n  e i ther  t e s t ,  but ra ther  peak temperatures of 
415 t o  433°K. However, 450°K was reached i n  qual i ty  checks of portione 
of t h e  same batches of precoat used a t  Langley. 
suspected t o  reside i n  the use of heavier thermocouple wires (sffordlng 
l a rger  heat leaks) and a cooler wall around the experiment In the  
vacuum sphere than in the  vacuum b e l l  jar tests previously con&ueted. 

The difference i s  

The pressure r i s e  i n  the sphere during She fo- efforda considerable 
evidence tha t  both the  azide rearrangement reaction ( l iberat ing nitrogen) 
and the blocked isocyanate decmposition ( l ibera t ing  phenol) went t o  
v i r t u a l  completion, 
phenol should have been released t o  t h e  vacuum chamber. Assuming an' 
exact 18.23ndiameter evacuated sphere, a final gas temperature of 
291°K, and ignoring losses t o  t h e  pumps, t he  release of the &we amounts 
of nitrogen and ressure rise of 1.05 
N/& f rom X T : ~  n?i, o r  a Y i s e  of , 

2.08 N/&. -cp 
be 1.80 N/& f 

Thus i n  the second t e s t ,  0.039 kg w ,  and 0,144 kg 

LZ:' YZS Z-eported to 
c,r,"er 0 
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Figure 18. - Temperature and pressure versus time. 
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Further evidence f o r  completion of t h e  ove ra l l  foaming reac t ions  
i s  found i n  determining t h e  hot bar  s t i ck ing  temperatures on t h e  prec 
foam. This t e s t  was ca r r i ed  out a t  GAC on trimming from the  vacuum 

t 
- 

formed r e f l ec to r s .  
427 t o  436°K. 

The s t i ck ing  temperatures were i n  the  usual range of 

During t h e  foaming ac t ion ,  the  pressure i n  t h e  mirror membrane 
increased s l i g h t l y  and was bled off i n t o  t h e  vacuum sphere. 
d i f f e r e n t i a l  pressure of 273.7 N/m2 was  maintained f a i r l y  c lose ly  
( s e e  Figure 18). 

The foaming 

On t h e  preliminary mirror a thermocouple punctured the  mirror membrane 
and was leaking a small amount of a i r  i n t o  t h e  vacuum sphere. However, 
t h i s  puncture hole apparently s e a i d  C ~ U L  LLg tke  f~aii-izg -,rcczcc, bnczuze  
t h e  d i f f e r e n t i a l  pressure d i d  not ind ica te  add i t iona l  leaks. This hole 
i s  v i s i b l e  i n  Figure 19. 

Figure 19. - Preliminary 1.52-meter diameter concentrator. 

Cool-down: On both mirrors the cool-down procedure was the  same. 
The heat ing element was l e f t  energized u n t i l  t h e  heat from the  foaming 
a c t i o n  w a s  d i ss ipa ted .  Then t h e  neating element was shut off  i n  decrements 
t o  t r y  t o  maintain a constant cooling r a t e .  When t h e  foam temperature 
dropped t o  about 3 6 6 " ~ ,  t he  power t o  t h e  heating element was completely 
turned off. The foan was then allowed t o  cool t o  316"~ before any attempt 



was made t o  re lease  t h e  vacuum i n  the  sphere. 
both mirrors was approximately 2.7OK per minute. 
cool-down f o r  both mirrors,  see Figure 18. 

The average cooling r a t e  for 
For da ta  showing t h i s  

During t h i s  cool-down period, the  vacuum sphere pumps continued t o  
function. 
same pressure as when t h e  heat ing of t he  foambegan. 
pressure of the  mirror membrane was maintained between 224 and 273.7 N/m2 
of water during t h e  heat-up, Coming, and cool-down phase of t h e  mirror 
r ig id i za t ion .  

A t  the  time of vacuum re lease ,  t he  sphere was r e g i s t e r i n g  the  
The d i f f e r e n t i a l  

Vacuum release:  For both mirrors t he  release of t h e  vacuum i n  the  
sphere was s t a r t e d  when the  r ig id i zed  foam had cooled t o  a temperature 
of 316"~. 
t o  keep a pos i t ive  pressure ins ide  the  r ig id i zed  membrane a t  a l l  times 
during the  vacuum release.  

To keep the  r ig id i zed  mirror from col lapsing,  it was necessary 

The procedure was the  same f o r  both mirrors. 

The low pressure regula tor  shut-off valve was closed. A shop air 
pressure l i n e  was at tached t o  the  high pressure regula tor  of t h e  pressure 
regulat ion system. This regula tor  was  opened t o  supply atmospheric pressure 
on the  l o w  pressure regulator  shut-off valve.  
pumping system were stopped. The vacuum re l ease  valve of t h e  sphere was 
opened a very small amount. A t  t h e  same time t h e  low pressure regula tor  
shut-off valve of t h e  pressure regula t ion  system was opened. The low 
pressure regulator  was adjusted t o  bleed a small amount of a i r  i n t o  t h e  
r ig id i zed  membrane, maintaining a d i f f e r e n t i a l  pressure of 248,8 N/m2 ., 
A i r  was bled i n  a t  t h i s  r a t e  u n t i l  t he  vacuum sphere had reached 
a pressure of 20.00 N/rn2. 
the  sphere and the  low pressure regula tor  of t h e  pressure regula t ion  
system were opened more t o  increase t h e  a i r  flow i n  both t h e  sphere and the  
r ig id i zed  mirror. The mirror membrane hanging below t h e  clamp band of t he  
sphere was used as a guide. 
the  a i r  motion ins ide  t h e  sphere caused considerable turbulen t  motion 
of t he  membrane s k i r t .  The low pressure regula tor  maintained a pos i t i ve  
pressure i n  the r ig id i zed  mirror.  
ceased, the  r a t e  of a i r  being b led  i n  was increased. When t h e  vacuum 
sphere reached a pressure of about 46660.8 N/m2 the  vacuum re l ease  valve of 
t he  sphere was completely open, 
pressure,  the  l o w  pressure regula tor  was slowly closed t o  maintain a 
248.8 N/m2 differentAa1 pressure when the  vacum sphere did reach 
ambient pressure. 
pos i t i ve  or  negative, on t h e  mirror membrane during t h e  complete process 
of re leas ing  the  vacuum. 

A l l  pumps of t h e  sphere 

A t  t h i s  pressure t h e  vacuum re l ease  valve of 

A i r  flow i n t o  t h e  sphere was increased u n t i l  

When motion of t h e  membrane s k i r t  

As t he  vacuum sphere approached ambient 

There were no apparent high pressure surges,  e i t h e r  

Post vacuum operations. - When r i g i d i z a t i o n  was completed, t h e  l.52-meter 
diameter mirrors had t o  be inspected and evaluated. 
taken t o  maintain the  mirror i n  i t s  r i g i d i z e d  form f o r  evaluation. 
otherwise noted, t h e  t a sks  were performed i n  t h e  same manner on the  prel imi-  
nary mirror as on the  f i n a l  un i t . )  
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When t h e  sphere pressure had reached ambient, t he  u n i t s  were c lose ly  
inspected. It was c l e a r l y  noticeable on t h e  preliminary u n i t  t h a t  t h e  fotm 
had ac tua l ly  encapsulated p a r t s  of t h e  'heating element ( see  view D, 
Figure l6). This occurred a t  t he  outer r a d i i  of t he  mirror where t h e  
heating element was c lose r  t o  t h e  membrane. 
f i n a l  mirror,  i n  which case the  heating element was f u r t h e r  away from t i v ~  
membrane. 

This d id  not occur on t h e  

The r i n g  torus  backup s t ruc ture ,  constructed i n  halves,  was put  i n  
place and assembled with nuts and bo l t s .  
and posi t ioned against  t h e  back of t h e  s o l a r  concentrator ( s e e  Figure 20) . It was cleaned with MEK solvent  

This r i n g  to rus  was located and held i n  place v e r t i c a l l y  by adjustable  
rods suspended from t h e  bas ic  s t ruc ture .  
zonta l ly  by ty ing  t o  the  frame with lac ing  cord. 

These rods were adjusted hor i -  

A channel cons is t ing  of cardboard and masking tape w s  b u i l t  up 
around the  r ing  to rus ,  leaving space f o r  t h e  bonding foam. The bonding 
foam was  then prepared i n  accordance with the  tormulation l i s t e d  i n  t h e  
paragraph e n t i t l e d  "Bonding of aluminum backup s t ruc tu re  t o  p red i s t r ibu ted  
foam surface," page 13. 

After  20 seconds of mixing w i t h  a high-speed impeller,  t h e  mater ia l  

Several  mixes were requi- 
was poured i n t o  the  channel formed on the  back of the  so l a r  concentrator.  
It began t o  r i s e  and foam almost immediately. 
red t o  completely embed the  to rus  ring. 

The foam was allowed t o  cure. It experienced a temperature var ia -  
Heat was then applied with a heat 

The membrane remained pressurized throughout t h i s  

t i o n  from 289 t o  297'K f o r  17 hours. 
gun and t h e  foam was exposed t o  a temperature of 305 t o  325°K f o r  a 
per iod of two hours. 

t h e  I,? :VI -1:3L ~ ' , 
process t o  2 ' ' .  I, < -  _ u  3 ,  _ I  lv-:*,-* t l ?cn  tr imaed t o  ' 

t 
The pressure was then released and t h e  mirror  placed on a tempor- 

a ry  wooden support i n  preparat ion t o  f i n i s h  trimming the  periphery. 
i s  shown i n  t h i s  pos i t ion  i n  Figure 21. 

It 

The f i n a l m i r r e r  r e f l e c t i i i i  suzface can be seen i n  Figure 22. 
measurable improvement was achieved beyond t h a t  of t he  preliminary 
mir ror ,  Figure 19. 

A 

Lo&: of operations.  - Table V I 1  i s  a log of the  operations c a r r i e d  
out from t h e  setup i n  the  vacuum sphere tothe completion of each u n i t  
through attachment of backup s t ructure .  

4 j  



1 

Figure 20. - Preparations for backup s t r u c t u r e  attachment. 

46 
Figure 21. - Fina l  mirror with backup r i n g  attached. 



Figure 22. - Fina l  mirror. 

Evaluation of Reflector Rigidization 

The mater ia ls ,  processes, techniques and t e s t  f i x t u r e s  developed, aad 
f a b r i c a t e d  during t h e  course of t h i s  program were a l l  u t i l i z e d  t o  r i g i d i z e  
two r e f l e c t o r s  i n  the  18.29 m vacuum chamber. The r e s u l t s  of the work 
accomplished a r e  evident when evaluating t h e  r e f l e c t o r s  produced. 
i s  made of t h e  process used, t h e  concentrator shape and r e f l e c t i n g  surface 
qua l i ty .  

Evaluation 

Processes, - The concentrator r i g i d i z a t i o n  runs afforded t h e  f i n a l  
t e s t s  of the  reproducibi l i ty  of the foaming process and resu l tan t  foam. 
heat ing schedule brought on i n i t i a t i o n  of f o m i n g  a t  the  expected tempera- 
t u r e  l e v e l  of t h e  precoat (generally 355 t o  3 6 0 ' ~ )  and the  foaming react ion 
propagated through t h e  e n t i r e  precoat. 
of t h e  r e s u l t a n t  foam, i t s  s t a t e  of chemical cure, and strong bonding of foam 
t o  envelope, a l l  reproduced r e s u l t s  c lose t o  those obtained 18 or more months 
e a r l i e r  with r e p l i c a t e  batches of precoat based on Formulation N o .  394-91. 

The 

The physical s t ruc ture  and thickness 

The present runs were car r ied  out a t  a higher average vacuum (by about 
one order of magnitude) than prevailed i n  any previous r i g i d i z a t i o n  t e s t s .  
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Table V I I .  - Log of operations.  

I 
Operation I 

I 
Weight of precoat appl ied t o  membrane, kg 

Time required f o r  precoat appl ica t ion ,  h r  

Ambient temperature during precoat 
appl icat ion,  OK 
Location of hea te r :  

Height above membrane a t  hub, cm 
Height above membrane a t  r i m ,  em 
Extension of precoat beyond outermost 
c o i l  of heater ,  em 

Time required f o r  hea te r ,  thermocouple, and 
other  i n s t a l l a t i o n  and adjustments and contour 
check-out, h r  

Elapsed time from precoat appl ica t ion  t o  s ta r t  
of sphere pump-down, hr 

Elapsed time from s t a r t  of pump-down t o  
s t a r t  of foaming process, h r  

Time on d i f fus ion  pumps before  s ta r t  of 
foaming process , hr  

Elapsed time from heat appl ica t ion  t o  foam 
i n i t i a t i o n  - minutes 

Elapsed time of foaming process - minutes 

Cool down time from foaming completion till 
chamber pressur iza t ion  - minutes 

Pressurizat ion of chamber - hrs  

Elapsed time from chamber pressur iza t ion  t o  
appl ica t ion  of backup s t ruc tu re  - hrs  

Cure time of backup s t ruc tu re  foam - h r s  

Backup s t ruc ture  cure temperature O K  

M a x i m u m  temperature during foam process 
average O K  

* Leaks were encountered. 
40 

Ref l e c t o r  

Preliminary 

1.435 
1.2 

290 

5 - 0  
2.5 

5 .1  

2.0 

11 

10 

2 - 4* 

9.5 

3*5 

34 
3 02 

1.5 
64 
293 

4 16 

Fina l  

1.481 
0.7 

2 94 

5.0 
5.0 

3.0 

0.75 

1.5 

17 

-2 

12.0 

4.0 

36 
2.6 

0.0 
14 
10 hrs  
a t  296 
4 h r s  
a t  320 
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This d id  not  i n  any way a f f ec t  the performance of the  precoat mater ia l .  
Therefore, there  i s  no evident reason t o  expect any change i n  foaming be-  
havior a s  a r e s u l t  of the  vacuum of space. 

t 

i 

Each of the present  runs represented a scale-up of 6~ i n  area r ig id i zed  
over t h e  l a r g e s t  p r i o r  t e s t s  and 12X i n  area r ig id i zed  with sheeted precoat .  
There was a l s o  a scale-up of 1OX over pas t  work i n  the  preparat ion of pre-  
polymer used i n  formulating precoat for the  present  t e s t s .  

A s o l i d  demonstration of the  storage s t a b i l i t y  of precoat mater ia l  was 
afforded by use of 1 5  day-old material  f o r  the f i r s t  t e s t  and 34 day-old 
mater ia l  f o r  the second. 

Concentrator Shape. - The contours of the  t e s t  a r t i c l e s  were determined 
through the  use of t he  contour measuring t o o l  a s  described previously i n  the  
f ab r i ca t ion  sect ion of t h i s  repor t .  This device m e a s u r e d  the devia t icn  cf 
the acti ial  parabol ic  contour from t h a t  of t he  des i red  contour. The d e t a i l s  
of operation of t h i s  t o o l  were discussed i n  the  repor t .  

Contour measurements were made by r o t a t i n g  the measuring aim through 
360°, a t  the following in t e rva l s  i n  the r i g i d i z a t i o n  process: 

Run No. Rigidizing Stage 

1. Membrane pressurized i n  atmosphere 

2. Membrane pressurized i n  evacuated environment 

"3. For t he  preliminary model r e f l e c t o r  - A t  maximum foam 
temperature while foaming was tak ing  place.  
For the  f i n a l  unit - After the  foaming process was 
completed and a s l i g h t  decrease i n  temperature was 
indicated.  

4.  DuriEg cooling process, temperature z 366" K 

5. After equal izat ion of sphere pressure (atmospheric) 

6. After  appl icat ions of backup s t ruc tu re  

This procedure enabled a l l  important changes i n  contour t o  be recorded. 

A f t e r  completion of the preliminary u n i t ,  the  data  was tabulated t o  
f ind  t h e  deviat ions of the r e f l e c t o r  a t  the  various r a d i i .  Runs No. 1, 3,  
and 6 were compared t o  e s t a b l i s h  the  movement of the mirror during the  
foaming process .  From t h i s  tabulated data ,  it was determined t h a t  the  
f in i shed  r e f l e c t o r  had a maximum deviation from nominal a t  the 76.2 ern 
rad ius  a t  an angular r o t a t i o n  of 315". 
measuring arm always s t a r t s  a t  a predetermined 0" pos i t ion .  
r o t a t i o n  i s  i n  the  opposite d i r ec t ions ,  a l l  readings a r e  t r ans l a t ed  t o  
t h e i r  proper loca t ion .  

Angular r o t a t i o n  of the  contour 
When the  

The deviat ion a t  t h i s  po in t  was 1.13 em. During 
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t h e  foaming process when maximum temperature was  r ea l i zed  due t o  exotherm, 
t h e  deviat ion of t h i s  point  exceeded t h e  measuring c a p a b i l i t i e s  of t h e  
instrumentation. From t h e  t o t a l  of t h e  tabulated da ta ,  56.88 percent of 
t he  r e f l e c t o r  had a def lec t ion  of l e s s  than f 0.5 em. Table V I 1 1  l i s t s  t h e  
percentage deviation l e s s  than f 0.5 cm a t  t h e  various radii  of the  pre- 
l iminary mirror.  

Radius % Deviation 
em l e s s  than 0.5 em 

12.7 100 

30.48 100 

41.91 100 

50.8 46 

Table V I I I .  Percent Deviation l e s s  than 0.50 CM a t  Various 
Radii f o r  t h e  Preliminary Mirror 

Radius % Deviation 
em l e s s  than 0.5 

58.42 38 
64.77 0 

71. I 2  63 
76 2 0  8 

From t h i s  same data it i s  evident t h a t  t h e  f i r s t  u n i t  had a def lec t ion  
of l e s s  than 0.25 em f o r  l e s s  than 30 percent of t he  surface.  

On t h e  bas i s  of t h i s  information, appropriate  adjustments were made 
t o  t h e  alignment s t ruc tu re  t o  provide an improved contour f o r  t h e  f i n a l  
mirror.  These changes were e f f ec t ive  and a more accurate  mirror resu l ted .  

For t h e  f i n a l  mirror,  runs No. 3 and No. 6 were p l o t t e d  on a polar  graph 
Cross sect ions of t he  paraboloid were a l s o  p lo t t ed  f o r  runs (see  Figure 23). 

No. 1, No. 3 and No. 6 ,  at a l l  measured radi i  and a t  various angular degrees as 
indicated i n  Figure 24 - t he  f i r s t  radius being a r b i t r a r i l y  placed outs ide 
t h e  hub of t he  r e f l e c t o r  and t h e  remaining r a d i i  so ca lcu la ted  t o  divide t h e  
remainder of the r e f l e c t o r  i n t o  equal areas .  

For the  completed f i n a l  mirror ,  it w i l l  be noted from t h e  polar  p l o t  
(Figure 23) t h a t  t he  maximum deviat ion of +0.4 em, from t h e  t h e o r e t i c a l  
r e f l e c t o r ,  was located a t  a radius  of 67.88 em and an angular r o t a t i o n  Of 75'. 
During t h e  foaming process,  a m a x i m u m  devia t ion  of +1.04 em was witnessed a t  
t h i s  same point.  
concentrator had a deviat ion,  from t h e o r e t i c a l ,  of l e s s  than f 0.25 em. 

The reduced da ta  shows t h a t  81 percent  of t h e  completed f i n a l  

Table IX gives the  percent of t h e  completed f i n a l  mirror  at various r a d i i  
with a deviat ion of l e s s  than 0.25 cm. 
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zm 

Radius 

12.7 
30.48 
41.91 
50.8 

I Percent Deviation Radius (em) Percent Deviation 
Less Than 0.25 em Less Than 0.25 em 

63 58.42 88 

58 64 9 77 75 
88 71.12 96 
88 76.2 92 

90 

Figure 23. - Polar graph - f i n a l  mirror. 

Table IX. - Percent deviation l e s s  than 0.25 CM 
a t  various radi i  f o r  t he  f i n a l  mirror. 

It will be rioted i n  Figure 24 t h a t  a t  0, 45, and 90 degrees there  
i s  a d e f i n i t e  reverse t o  t h e  contour deviat ion between a radius  of 71.12 
em and 76.2 em. 
t i o n .  
backup s t ruc tu re  foam was applied.  
t h e  mirror  i s  contoured between 0 and 120", it appears t h a t  t h e  backup 
s t r u c t u r e  foam has twisted t h i s  portion of t he  concentrator.  

This includes the 75" angular loca t ion  of maximum devia- 
The sec t ion  between 0 and 120" was  t he  l a s t  a rea  i n  which t h e  

From t h e  way t h a t  t h e  outer  area of 

I n  a l l  cases ,  a plus (+) deviation indicates  a deviat ion t h a t  i s  
ou ts ide  the  contour of t he  desired parabol ic  contour, and a minus ( - )  
devia t ion  ind ica tes  a deviation tha t  i s  ins ide  t h e  desired parabolic 
contour ( see  Figure 25). 51 .- 
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Figure 24 (Sheet 1). - Sect ions of polar p l o t  - final mirror .  
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Figure 24 (Sheet 2 ) .  - Sections of polar plot - final mirror. 
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4- t-. Deflected Meridian 

I 
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+ Indicates deviations outside true parabola 

- Indicates deviations inside true parabola 
I-- 

Figure 25. - Deflected and undeflected half-meridian. 

In  evaluating the  r e f l e c t o r ,  t h e  devia t ion  of po in ts  on a radius  i s  used 
t o  determine the  change of t he  f o c a l  po in t  of t he  concentrator.  Generally 
speaking, it can be s a i d  t h a t  a p lus  poin t  w i l l  extend the  f o c a l  po in t ,  and 
a negative point w i l l  r e t r a c t  t h e  f o c a l  po in t .  However, t h i s  i s  only t r u e  
when considering a s ing le  point ,  and i n  t h i s  case the  i n t e r e s t  i s  i n  t h e  
t o t a l  surface of the concentrator.  Therefore,  t h e  i n t e r e s t  i s  i n  t he  d i f f e r -  
ence of changes i n  def lec t ion  from point  t o  poin t  or the  angular deviat ion.  
To i l l u s t r a t e  t h i s ,  see  a rea  C of Figure 26 and Run 6 a t  180" of Figure 24. 
The def lec t ion  a t  radius  50.80 i s  +0.1 cm g rea t e r  than  t h e  de f l ec t ion  a t  t h e  
41.91 cm radius.  This a rea  i s  then progrgs ive ly  pos i t i ve  and w i l l  cause an 
extended foca l  point.  

The concentrator deviat ion measurements were made a t  e ight  po in ts  along 
the  half  meridian of the paraboloid and in a d i r e c t i o n  t h a t  was p a r a l l e l  t o  
the  r o t a t i o n a l  ax is  of symmetry as shown i n  Figure 25. 
f o r  converting these  measurements t o  the  corresponding angular deviat ions 
i s  developed herein.  

A numerical scheme 
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Figure 26. - Reflective areas  of f i n a l  mirror. 

This analysis  gives angular def lect ions t h a t  a r e  grea te r  than the  
a c t u a l  def lec t ions  t h a t  e x i s t .  
Because def lec t ions  were taken p a r a l l e l  t o  t,he ax is  of symet ry ,  t h e  
ana lys i s  i s  based on Figure 27 ( a )  r a the r  than the  more accurate approxi- 
mation indicated by Figure 27 ( b ) .  The def lec t ion ,  Qi, w i l l  be s l i g h t l y  
l a r g e r  than s ince,  a t  each point as seen i n  Figure 27, As > A x  and 

Consider the  def lec t ion  of point  i, Figure 27. 

Y > 8 .  
? The numerical scheme f o r  determining the  slope,  y i  = t an  Qi, a t  the  

intermediate  p ivo ta l  points  i s  given by equation 2.3.4 of reference 1 
with the  nomenclature of Figure 28 ( a ) .  
t o  po in t  1 of Figure 25.  
t o  Figure 28 ( b ) ,  a s imi la r  equation must be derived. 
i s  given here as equation (3) .  

This i s  d i r e c t l y  appl icable  
However, s ince points  2 through 7 correspond 

This was done and 
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Figure 27. - Basis of t he  approximate angular def lect ions.  

Figure 28. - Two cases of unequally spaced p i v o t a l  points .  



or, from Figure 25, 

The end point ,  8,  i s  unique i n  t h a t  an extrapolat ion technique must 
be used t o  determine the  slope. 
i n t e rpo la t ion  Lagrangian formula, i s  given by equation 3.8.3 of reference 2.  
However, t h i s  i s  va l id  f o r  equally spaced p ivo ta l  points .  
i s  considered t o  be an adequate approximation, s ince t h e  spacing of 
po in ts  6 ,  7, and 8 deviates  by only 11 percent from the  average. 

Such a formula, based on a three-point 

I t s  use here 

By equation 3.8.3 of reference 2 ,  

where an average p ivo ta l  point  spacing must be subs t i tu ted  f o r  he so  t h a t  

or, from Figure 26, 

The following s e t  of equations f o r  the slope a t  each of t h e  eight  
po in ts  was obtained by subs t i t u t ing  t h e  proper values of a 
as  obtained by t h e  dimensions of Figure 25, i n t o  equations ( 3 ) ,  

and h,  
( 4 ) ,  and 

(7) .  
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Point Slope Equation 

1 y; = 0.022176 (A2) 

2 Y; = 0.020335 (2.79391 A3 - A,) . 

3 y; = 0.040019 (1.61036 A 4  - A,) 
4 

5 

y t  = 0.053030 (1.37569 A5 - A 3) 
y; = 0.063503 (1.27284 A 6  - 04) 

6 

7 y7 

y i  = 0.072506 (1.21462 A7 - A,) 
' 

= 0.080586 (1.17614 A 8  - As) 
8 Y; = 0.087395 (3A8 + A,) 

The slope equations of these points  depic t  t h e  angular de f l ec t ion  i n  a 
s ing le  plane passing through the  ax is  of r o t a t i o n a l  symmetry. They do not 
take i n t o  consideration the  compounding e f f e c t  created by t h e  change i n  
slope from one plane t o  another as you r o t a t e  around the  ax i s  of symmetry. 

Based on the  above equations, we f i n d  t h a t  po in ts  2 through 7 inc lus ive  
each contain two equal areas  of t h e  mirror ,  whereas those for poin ts  1 and 
8 use estrapolated values. 
areas  of the  concentrator,  we f i n d  t h a t  31.2 percent of t he  preliminary 
concentrator has a t angen t i a l  angular de f l ec t ion  of l ess  than f 0.5". 
The m a x f i u t n  def lec t ion  of any poin t  i s  1.8". 
def lec t ion ,  of t he  preliminary mirror ,  see Table X. 

Considering only those poin ts  t h a t  cover a c t u a l  

For a breakdown of t he  angular 

Table X. - Angular devia t ion  of spec i f i c  areas-  
preliminary mirror.  
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For the  f i n a l  concentrator,  considering only those points  t h a t  
cover a c t u a l  areas  of t he  concentrator,  it i s  found t h a t  47.9 percent 
of t h e  concentrator has a tangent ia l  angular def lec t ion  of l e s s  than 
f 0.5". 
por t ion  of t he  concentrator showing an angular def lec t ion  of grea te r  
than 0.5" was located angularly between 75 and 165". 
same mirror area having maximum def lec t ion  and bad edge reverse  
curvature. 
mirrors,  see Table X I .  

The maximum angular def lec t ion  of any point  i s  1.31". The 

This i s  the  

For a breakdown of the angular def lec t ion  of t he  f i n a l  

Table X I .  - Angular deviation of spec i f i c  areas-  
f i n a l  mirror,  

Point  

2 

3 
4 
5 
6 
7 

~ 

Areas 
Included 

(See Figure 26) 

A & B  

B & C  

C & D  

D & E  

E & F  

F & G '  

Max Angular 
Deflect ion 
(Degrees) 

0.75 
1.31 
1.29 

0.65 

1.24 

L.27 

Deviaticr, Less  Than 
0.5" 

(Percent)  

79.2 
4.2 

29.2 

79.2 
62.5 

33.3 

Figure 29 i s  a comparison of the f i n a l  f in i shed  mirror a t  a l l  
r a d i i ,  through a f u l l  360" sweep. 
i n  deviat ion of t he  mirror membrane a t  atmospheric conditions and i n  
t he  vacuum sphere a t  a pressure of l e s s  than 0.13 N/m2. 
cases a d i f f e r e n t i a l  pressure of 273.7 N/m2 was applied t o  t he  
mirror membrane. 
t o  t h e  i n i t i a l  s e t t i ng .  
angular loca t ion  of 75" and at a radius of 76.2 cm. 

This f igure  shows t h e  d i f fe rence  

I n  both 

The e n t i r e  parabolic shape opened up with respect  
The la rges t  displacement was .635 cm a t  an 

For a complete h i s to ry  of the  changes a t  a spec i f i c  radius  of 
76.2 cm, see Figure 30. This shows t h e  movement of t h i s  LVDT through 
t h e  f u l l  360" sweep f o r  a l l  s i x  sweeps involved i n  the  foaming process. 
It can e a s i l y  be seen how t h e  parabolic contour moves outside t h e  
t h e o r e t i c a l  contour through the  pump-down and foaming process, and how 
t h i s  movement i s  reversed through the cooling process and by re leas ing  
t h e  vacuum i n  t h e  sphere. 
mirror  membrane through a l l  of these phases. 

There are very d e f i n i t e  movements of t h e  

To compare these  movements for t h e  f u l l  concentrator r a the r  than 
one rad ius ,  see Figure 31. This shows measurements No. 1, 3, and 6. 
That i s ,  t he  i n i t i a l  s e t t i n g  of t h e  membrane, i t s  maximum expansion 
during foaming, and t h e  f i n a l  configuration a f t e r  cool-down and 
app l i ca t ion  of backup s t ruc ture .  It can be seen t h a t  it i s  necessary 
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degrees Temp Diff. press. Chamber press. 
OK N/m2 N/m2 

-Run No. 1 249.3 273.7 Ambient 

248.7 Ambient 
-----RunNo. 3 422.07 273.7 1 .Eo 
--Run No. 6 294.3 

Figure 31 (Sheet 1). - Contour comparisons from a l l  s ta t ions  before,  
during, and a f t e r  appl icat ion of backup s t ruc ture  - 
f i  na.1 mirror.  
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t o  s e t  t h e  parabolic shape wi th  the  f o c a l  point r e t r a c t e d  i n i t i a l l y  i n  
order t o  obtain a f i n a l  contour approaching t h a t  of a t r u e  parabola. 

Surface qual i ty .  - To evaluate the  r e f l e c t i v e  surface of t h e  concen- 
t r a t o r ,  specular re f lec tance  measurements were performed on a sample of 
t h e  aluminized Kapton f i l m  and in tegra ted  over the  so l a r  spectrum. 
the  v i s u a l  appearance of t he  mater ia l ,  it was assumed t h a t  these  values 
would be low. 
semi-transparent. 

From 

The mater ia l  was  highly s t re tched ,  wrinkled i n  places ,  ant? 

Measurements were made a t  Minneapolis Honeywell Research Center on 
t h e i r  in tegra ted  hemispherical reflectometer,  The measurements were 
made on a 10 x 10 cm sample of t h e  aluminized polyimide f i l m  randomly 
se l ec t ed  from the  roll t h a t  t h e  concentrators were made from. 
be noted t h a t  these  t e s t s  were made only on the  aluminized f i l m  with no 
foam backing. 

It should 

Table X I 1  gives the  so l a r  re f lec tance  a t  20 se lec ted  wavelengths 
f o r  t h i s  sample. 

Table X I I .  - Tota l  s o l a r  re f lec tance  f o r  aluminizedpolyimide fi lm, 

Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Wavelength 
(Meters) 

337 x 10-9 
339 x 10-9 
441 x 10-9 
474 x 10-9 
506 x 10-9 
540 x 10-9 

Reflectance 

0.86 
0.88 
0.87 
0.88 
0.89 
0.89 
0.88 
0.89 
0.84 
0.84 

. 0.82 
0.85 
0.84 
0.87 
0.88 
0.87 
0.89 
0.89 
0.92 
0.92 

The average of t h i s  t o t a l  solar re f lec tance  i s  0.873. The d i f fuse  
r e f l ec t ance  f o r  t h i s  sample was  determined t o  be between 0.033 and 0.067 
or an average of 0.050. This d i f fuse  r e f l e c t i o n  was determined by use 



of the  l a se r  diffuser  device. This laser  device used a wavelength of 1628 x 10-10 m. .. 

By taking the  d i f fuse  ref lectance from t h e  t o t a l  so la r  ref lectance 
These r e s u l t s  ind ica te  t h a t  we obtain a specular ref lectance of 0.823. 

aluminized polyimide f i lm-being used f o r  these r e f l ec to r s  i s  about average 
from the  standpoint of specular r e f l ec t ion  and not of a lower value as 
anticipated.  

The aluminized polyimide f i lm appeared t o  be somewhat t ransparent .  
I n  order t o  evaluate t h i s ,  addi t ional  t e s t s  were run t o  check l i g h t  t rans-  
mission. The r e s u l t s  of these t e s t s  a re  shown i n  Table X I I I .  

Table X I I I .  - Aluminized f i lm transparency t e s t ,  

The r e su l t s  of t h i s  transmission t e s t  indicates  t h a t  t he  aluminized 
f i lm i n  r e a l i t y  i s  qui te  opaque and not t ransparent  as previously 
thought 

From t h i s  information, it can be seen t h a t  t h e  mater ia l  used f o r  these 
r e f l ec to r s  i s  of average qual i ty .  

C ONC LUS I ONS AND RM: CMMEXDAT I ONS 

The three goals s e t  fo r th  i n  t h e  development program work statement 
were s a t i s f a c t o r i l y  accomplished. N o  new major problem areas  were encoun- 
tered.  These goals were: 

(1) 

(2 )  

(3) 

Rigidization mater ia l  and process s tudies .  

Aluminized polyimide f ilrn seam development 

Fabrication of a 1.52-meter diameter so l a r  concentrator. 
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The f i rs t  two of the above tasks were f o r  the purpose of developing 
materials and techniques t o  a levelwtzich would permit confident accomp- 
lishment of the major goal of producing an acceptable 1.52-meter diameter 
parabolic solar  concentrator i n  a simulated space vacuum environment. 

This program was a second phase of an azide foam rigidizing system 
carried out previously by GAC for  NASA-Langley. 
Cevelopment of a PredistAbuted Azide Base Polyurethane Foam fo r  
Fdgidization of solar  Concentrators i n  Space. ) 

(Report No. CR 235, 

I n  scaling up production of prepolymer and i n  mixing and sheeting 
of precoat, the t rans i t ion  was made without d i f f i cu l ty  from laboratory 
t o  conventional chemical engineering p i l o t  plant procedures and equivalent. 
resu l t s  were obtained. 

Suitable recrystal l izat ion procedures were found fo r  additional 
purif icat ion of Structure X azide. 

Thin layer chromatography and u l t rav io le t  spectrophotometry were 
established as additional c r i t e r i a  of azide purity. 

The,precoat material may be processed in to  t h i n  sheets and applied 
t o  a structure-like t i l e  without distrubing i t s  foam-rigidizing character. 

A sui table  adhesive material was selected, and spray techniques 
developed for  making high quality seams i n  Blmninieed-polyimide film. 
These seams required elevhted temDerature resistance. 

A good qual i ty  1.52-meter diameter solar concentrator was produced 
i n  the  NASA-Langley 18.29 m vacuum sphere. 
model, and the preliminary uni t ,  confirmed the  following: 

This f i n a l  demonstration 

Operability of the foaming process a t  pressures i n  the 0.133 N/m2 

Reproducibility of the foaming process and the physical structure 
and quality of the mirror. 

The following recommendations are s&mitted f o r  future consideration: 

(1) The development of a system f o r  packaging and deploying a para- 
boloidal shape coated with precoat material. 

(2) The actual  deployment tes t ing  of e i ther  a spherical or lent icular  
unit  containing the paraboloidal contour and including the actual  
r igidizat ion of t h i s  shape i n  a vacuum. 

( 3 )  Solar concentrators of larger s izes  (3.04-meter diameter or greater)  
may be foam r igidized i n  vacuum. 



Copies 

1 

15 

1 

I 1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

68 

DISTRIBUTION LIST 

CoDies 

XASA Langley Research Center 
Langley S t a t i o n  
Hampton, Vi rg in ia  23365 

Contrac t ing  Of f i ce r  

Marvin D. Rhodes, 
Mail Stop 188B 

Library,  Mail Stop 185 

€?. L. Zavasky, 
Mail Stop 117 

NASA Ames Research Center 
Moffet t  F i e ld ,  C a l i f o r n i a  94035 
At ten t  ion : Library 

NASA F l i g h t  Research Center  
P. 0. Box 273 
Edwards, C a l i f o r n i a  93523 
Attent ion:  Library 

NASA Goddard Space F l i g h t  Center  
Greenbelt ,  Maryland 20771 

Library 

Li i thf r  W .  S l i f e r . ,  J r ,  

Let Pr opuls i on Lab o r  at or y 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  91103 

Library 

G .  E.  Sweetnam 

Peter  Rouklove 

NASA Manned Spacecraf t  Center 
Houston, Texas 77001 

Library 

Richard B. Ferguson 

1 

1 

1 

1 

1 

1 

2 

1 

1 

NASA Marshal l  Space F l i g h t  Center 
Hun t sv i l l e ,  Alabama 35812 

Library 

Erns t  S tuhl inger  

NASA Western Operations 
150 Pic0  Boulevard 
Santa  Monica, C a l i f o r n i a  90406 
At ten t ion  : Library 

NASA Wallcpr S t a t i o n  
Wallops T: l and ,  Vi rg in ia  2 ‘3 3: 
A t t en t ion :  Library 

NASA Elec t ron ic s  Research Cen t . (  1’ 

575 Technology Square 
Cambridge, Massachusetts 02139 
At ten t ion :  Library 

NASA Lewis Research Center 
2100 Brookpark Road 
Cleveland, Ohio 44135 

!(ail Stop 3-7 

Robert L. Cummings 

NASA Jchn F. Kennedy Space Center  
Kennedy Spact Center ,  F l o r i d a  32899 
At ten t ion :  Code ATS-13:’ 

NASA Michoud Assembly F a c i l i t y  
F. 0.  Box 26078 
New Orleans,  Louis iana 70126 
At ten t ion :  M r .  Henry Qu in t in ,  

Code I-Mich-D 



DISTRIBUTION LIST 

Copies 

qeadquarters NASA -----.---2-.-~-.. 
Washington, D. C .  20546 

1 Library, Code USS-10 I 
i 1 Preston T.  Maxwell, Code 

James R.  Miles, Code SL 

A.  M. Andrus , Code ST-2 
1 1  

1 

A i r  Force Aeropropulsion Laboratory 
Research And Technology Division 
Wright -Patterson AFB, Ohio 45433 

1 L t ,  I, R. Thompson (APIP-1) 

1 A 1  Wallis (APIP-2) 

1 Chief,  Naval Bureau of Weapons 
Department of the  Navy 
Washington, D. C .  20360 
Attent  ion : RAPP-14 

1 U. S. Army Signal  R&D Laboratory 
Power Sources Division 
Fort  Monmouth, New Jersey  07703 
Attent ion:  Richard Nichols 

1 University of Pennsylvania 
Power Information Center 
Moore School Building 
200 S o ~ t h  33rd S t r e e t  
Phi ladelphia ,  Pennsylvania 19104 

54 Nat ional  S c i e n t i f i c  and Technical 
Plus Information F a c i l i t y  
Re- Po 0, Box 33 
pro- College Park, Maryland 20740 
duc i b  l e  


