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I. IKTRODUCTION 

On October 31, 1963, Arthur 0 .  L i t t l e ,  Inc. i n i t i a t e d  work on 

"&Sic Inves t iga t i cns  of l h ? t i - l a y e r  Insulat ion Systems" -der Contract 

No. NAS3-4181 w i t h  the EhSA 'Lewis Research Center. This e f f o r t  is, i n  

?art ,  a c o n t i a m t i o n  t+ pzerrious work i n i t i a t e d  under Contract Nos. 
NAS5-664 and NASu-6 15. 

The heat leak i n t o  s tored cryogenic p rope l l an t s  ca r r i ed  i n  space 

vehicles  has a n  iaportant  o,ffect en the q u a n t i t i e s  l o s t  through 

vaporization, on the tank pressure l i m i t s ,  and on the u t i l i z a t i o n  of 

the propellants.  

vehicle  charGes its environment, starting i n  ;he e a r t h ' s  atmosphere 

and ending i n  the vacuum of spac.9. I n  all tila ewironments,  the heat  

leak t o  oxygen and, p a r t i c u l a r l y ,  t o  hydrogen propel lants  must be 
l imited and regulated i n  order t o  -.e the mission feasible and prac- 

tical. 

The heat  leak rate t o  the p rope l l an t s  v a r i e s  as the 

The means of l imi t ing  the heat  flow i n  all the environments 

through the use of m u l t i - l a y e r  i n su la t ions  sepa ra t e ly  and In combina- 

t i o n  with other  i n su la t ing  media has recei\,.ed considerable a t t e n t i o n .  

Our s t u d i s s  both a n a l y t i c a l  and experialental, as reported herein,  

have d e a l t  separately w'th the performance O C  the  in su la t ing  media 

and environments. 
Spec i f i ca l ly ,  the present  con t r ac t  fnciudes four  mjor tasks:  

(I) a series qf experiments t o  measure the  e f f i cacy  of i n su la t ions  with 

three thermal conductivity apparatus;  

mine the heat  leak through various in su la t ion  materials i n s t a l l e d  on 

e i t h e r  of two calorimeter t a n k s ;  (3) the design, construct ion and 

operation of a n  emissometer t o  determine the t o t a l  hemispheric emittance 

(2) a series of tests t o  deter-  

of candidate materials €or multi-layer i n su la t ions  and; (4) a n a l y t i c a l  

s tud ie s  in support of the  other  three tasks.  

Although each task appears as a separate  i t e m  i n  the contract ,  

each has provided t h e o r e t i c a l  o r  experiziantal support f o r  the others.  

As a matter of expedience and ease of reference,  the de t a i l ed  t a sks  
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are described i n  separate parts of t h i s  r epor t ;  many of t he  in t e rp re t a -  

t i o n s  and ideas  were, houever, derived through discussions between 

s t a f f  members engaged i n  the d i f f e r e n t  areas. For easy reference,  we 

have suunnrized the ob jec t ives  of the four  tasks i n  parts A through I) 

of t h i s  s e c t i o n  and following t h i s ,  w a  have presented a succinct  

summary of the r e s u l t s .  

A. Thermal Conductivity Measurements 

To r ap id ly  screen various,  high eff ic iency,  iasu:ations and t o  

determine t h e  transient and permanent effects t h a t  occur under mechanical 
loads, t h ree  thermal conductivity apparatus were e q l o y e d .  A number 

of prodsing  materials f o r  both r a d i a t i o n  s h i e l d s  and spacers were 
studied and evaluated. One apparatus was modified to enable accurate  

measurement of the appl ied mechanical loads rangi tq  from 0 t o  2 p s i g .  

This  modified apparatus was checked f o r  r e l i a b i l i t y  and accuracy v i t h  

a standard i n s u l a t i o n  which had been previously t e s t ed .  

also c a r r i e d  out with a foam-radiation sh ie ld  mult i - layer  i n su la t ion  

under conditions simulating both a KKvecu~-bagged88 ground hold and the  

high vacuum of space. 

T e s t s  were 

A brief s u m a r y  of the r e s u l t s  obtained is presented i n  P a r t  I-E 
and a d e t a i l e d  discussion is  found i n  P a r t  11. 

B. Insulated Tank Calorimeters 

The s e l e c t i o n  of promising in su la t ions  for space-borne cryogenic 

tanks w a s  made from t h e  results of the Thermal Conductivity studies.  

The actual f a b r i c a t i o n  and testing of such in su la t ions  on a l a r g e r  

scale was carried out  on calor imeter  tanks. 

problems of f a b r i c a t i o n  Over curved surfaces  w e r e  del ineated and 

d i f f e r e n t  so lu t ions  t r i e d .  Also, the de l e t e r ious  e f f e c t  of penetra- 

t i o n s  could be s tudied and experimental heat  leak data analyzed and 

compared with t h e o r e t i c a l  predict ions.  
tior, from a ground environment to  space requires  t h a t  the i n su la t ions  

be protected aga ins t  inleak of condensible vapors and mechanical 

damage a t  a tmospherk pressure,  and that the  in su la t ion  be r e a d i l y  

evacuated t o  a high-vacuum state  when the tank is c a t t i e d  i n t o  space. 

In such s tud ie s ,  the 

The problem of the  transi- 
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Various so lu t ions  t o  t h i s  problem were studied with the  calor imeter  

tank system, 

mult i - layer  sh i e lds  were made and canpared in many cases t o  t h e o r e t i c a l  

values. 

Heasurement of temperature g rad ien t s  within the  

A b r i e f  summary of the  s a l i e n t  r e s u l t s  and conclusions is presented 

i n  P a r t  I-F and complete d e t a i l s  i n  P a r t  111. 
C. Emissometer 

A simple eaissameter has been fabr ica ted  and used ex tens ive ly  i n  

t h i s  program t o  determine rhe emittance of materials proposed f o r  

r a d i a t i o n  sh ie lds  i n  mult i - layer  insu la t ioas .  Also,  the  increase in 
emiss iv i ty  due t o  the  sur face  contaminants and imperfections on t he  

surfaces of the sh ie lds  was studied. 
quality control ins t r tment  f o r  purchased mult i - layer  wterials. 

The instrumeat has been employed as 

Sketches of the  apparatus, methods of operat ion and data taken on 
var ious materials are included i n  P a r t  Iv of t h i s  report. 
D. Sumort i -  Calculat ions 

During our earlier work on o ther  NASA cont rac ts ,  severa l  t h e o r e t i -  

cal s tud ie s  were conducted t o  determine f a c t o r s  such as (a) gas 
conduction i n  multi- layered r a d i a t i o n  sh ie lds ,  (b) r a d i a t i o n  t r a n s f e r  

by c lose ly  spaced s h i e l d s ,  (c) r a d i a t i v e  hea t  t r ans fe r  through seams 

and penet ra t ions  i n  mult i - layer  i n su la t ions ,  (d) the  thermal r a d i a t i o n  

inc ident  on space vehic les ,  (e) vent ing of mult i - layer  i n su la t ion  
during ascznt ,  and (f) t he  o p t i m u m  design of thermal p ro tec t ion  systems. 

Each study, general ly ,  w a s  the  subjec t  of a separa te  repor t  and d i d  

not  r e f l e c t  the  accuracy of t he  analyses  as v e r i f i e d  by experimental 

data. D u r i q  the Latest program, l i m i t e d  experimental data became 

a v a i l a b l e  t o  permit checking and modif icat ion of previous analyses. 

We :.ave, therefore ,  updated, modified and summarized these  previous 

analyses  i n t o  a single top ica l  r epor t  e n t i t l e d  "Design and Optimiza- 

t i o n  of Space Thermal Pro tec t ion  for Cryogens - Analy t ica l  Techniques 

and Results" by D r .  Jacques M. Bonneville (USA CR-54190). 
port  is being pub1ishe.d concurrently with our f i n a l  report on Contract 

NAS3-4181 and f u l f i l l s  our cont rac tua l  ob l iga t ion  f o r  supporting 

ca 1 c u  !.at ions. 

This re- 
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E. Summary of Resul ts  and Conclusions from the Thermal Conductivity 
Apparatus S t u d i e s  

General 

Several  mult i - layer  insu la t ions  were t e s t ed  and evaluated p r i -  

marily on t h e i r  r e l a t i v e  heat  leak, t h e i r  a b i l i t y  t o  withstand mechani- 

cal loads, and t h e i r  weight. No p a r t i c u l a r  i n su la t ion  was rated bes t  

wi th in  a l l  of these categories .  However, i t  became apparent t h a t  

those in su la t ions  with f in;  ne t t i ng  spacers were super ior  i n  being the  

l i g h t e s t  *Jeight and bes t  i n su la to r s  (based upon the  K p p r d u c t )  but 

were d e f i n i t e l y  i n f e r i o r  w i t h  respect  t o  foam o r  matted f i h n r  spacers 

when subjected t o  compressive mechanical loads. Properly or ien ta ted  

spacers,  of foam o r  matted f i b e r s ,  with la rge  amounts of material . 

reaoved, r e su l t ed  i n  superior  i n su la t ion  systems when considering the  

above c r i t e r i o n .  

Radiation Shields  

Only two types of r ad ia t ion  sh ie ld  materials were t e s t ed ,  sheet 

aluminum ( t o  0.5 mil) and aluminized Mylar. I t s u l a t i o n s  using ;he 
former were superior  i n  having lower hea t  leaks w h i l e  t he  latter rated 
b e t t e r  on a weight bas i s .  

aluminized Mylar w i t h  emissivities c loser  t o  metallic aluminum would 

impowe t he  performance of both. 

ment of the  aluminum (smooth o r  embossed) had no apparent e f f e c t  on 
t he  insu la t ing  q u a l i t i e s .  

Mechanical Loadinq 

It’was yemarked above t h a t  mult i - layer  i n su la t ions  made from 

Use of thinner aluminum shee t s  o r  of 

It w a s  found that the  surface treat- 

f i b e r  m a t  (or foam) spacers withstood mechanical loads b e s t ,  With 

one sample of aluminum-F€berglaa insu la t ion ,  app l i ca t ion  and release 
of a mechanical load a c t u a l l y  improved the in su la t ion  c h a r a c t e r i s t i c s ,  

With appl ied loads,  as law as 0.01 psig ,  the  hea t  flux through 
a. typical aluminum.-nylon ne t  i n su la t ion  was proport ional  t o  the  2/3 
pcrwer of the  qpplied load. 

Perforat ions and Penetrat ions 

Per fora t ions  on a cr inkled aluminized pc lyes te r  f i l m  insu la t ion  

system caused t h e  hea t  flux t o  increase by about 2056; whereas, 
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perforat ions of t he  same hole s ize  and amount of open area i n  aluminum 

rad ia t ion  sh ie lds  combined with n e t t i n g  spacers caused the heat  f l u x  

t o  increase by more than 150%. 

Compc.:ison tests on a mult i - layer  i n su la t ion  system t h a t  had been 

damaged bv Gyeteoroid bumper deb r i s  caused by hypervelocity impacts 

and a n  unkr.Paged in su la t ion  indicated t h a t  the thermal p r o p e r t i e s  of 

t h e  da1qp.i  sample were not  s i g n i f i c a n t l y  degraded by t he  bumper d e b r i s  

damage d.ad.sr the  simulated impact test condition. 

Testu of the e f f ec t iveness  of a buf fe r  zone i n  thermally 

'decou:,lin.% . mult i - layer  i n su la t ion  system from a pene t r a t ion  have 
confirmed t'be a n a l y t i c a l  predict ion.  

-. Nund-tr of Radiation Shields 

With many r a d i a t i o n  s h i e l d s , ' t h e  actual hea t  leak i b  larger than 

prediccad by simple theory. This deviat ion is ascr ibed (1) t o  the  

increasad weight of the in su la t ion  which causes more s o l i d  conduction 

and (2) t o  the increas-r i n  emittance of the r a d i a t i o n  s h i e l d s  operating 

a t  high@-' tetiperature levels. 

-. PurRed Gas Insu la t ions  

The thermal conductivity of a purged system approaches the  

theriM1 c m d u c t i v i t y  of the purge gas and is independent of the thermal 

. conductivity o f  the evc!c:.Jdted system. 

F* - Summary of Results 6 Conclusions from the Calorimeter Studies  

G e  tier& 1 

F i f t e e n  experimental test series were ca r r i ed  out  on mult i - layer  
--- 

i n su la t ions  at tached LO calor imeter  tanks containing l i q u i d  hydrogen 

heE.it f l u x  measured on any i n s u l a t i o n  was 
luminum sh ie ld  (2 m i l  sheet  aluminum) spaced 

v iny l  coated Fiberglas  screen. 

the highest  weight i n su la t ion  with a shield-  

This system 

A 

or nitrogen. Tile lowest 

0.38 Btu/hr-f t  f o r  a 5 ' 

with 1/8 x 1/8-inch . s h  

was, unfortunately,  also 

2 

spacer u n i t  wc'ght of 0.044 l b s / f t L .  

The ',,gBtest i n su la t ion  had a shield-spacer u n i t  weight of 
2 0.0045 1 '  . / f t  , This waa P. f i v e  sh i e ld  (aluminizad polyester  f i lm, 

coated on both s ides ,  0.25 m i l  th ick)  with nylon net spacers. This 
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system had the poorest  i n su la t ing  c h a r a c t e r i s t i c s  

about 1.1 Btu/hr-f t  were measured. However, the 

t h i s  system gave it the  lwest (v) value of any 

i.e.,  a value of 0.00072 Btu-in.-1b/hr-ft5-'F. 

2 
and heat  leaks of 

very low densi ty  of 
i n s u l a t i o n  t e s t ed ,  

These I q l u e s  quoted above were f o r  l i q u i d  ni t rogen i n  the 

calor imeter ,  

cen t ;  t h i s  increase i s  considerably l a r g e r  than the t h e o r e t i c a l l y  

predicted increase of 0.5 t o  1 per  cent.  

For l i q u i d  hydrogen, hea t  f l uxes  increased about 5 per  

Fabricat ion of Mu 1 ti  - Layer Insu la t ions  

No unforeseen problems arose i n  f a b r i c a t i o n  of mult i - layer  

insulat iona t o  the calorimeter tanks, Application of sh ie lds  one-at- 

a-time t o  a tank, with extreme care t o  prevent thermal sho r t s ,  is a 
time-consuming job. Sign i f i can t  improvements i n  cu t t i ng ,  f ab r i ca t ion ,  

and repair techniques are f e a s i b l e ,  

d e t e r i o r a t i o n  when transported by c o m e r c i a 1  truck carriers, 
Two fab r i ca t ed  systems shwed no 

Thermal contract ions w i l l  cause a stress on t h e . i n s u l a t i o n  f o r  

continuously wound sh ie ld  and spacers,  o r  may induce gaps when insula-  

t i o n  is appl ied i n  segments. 

by "shingle" attachment methods. 

Such con t r ac t ion  stresses are minimized 

Fiberglas-reinforced polyurethene foams (closed-cel l  type) were 
successful ly  bonded t o  calorimeter tanks and cycled from ambient t o  

l i q u i d  hydrogen temperatures with no apparent de tachmnt  and with no 

cryopumping of the atmosphere. 

Simulation Tests--Ground-to-Space Environment 

Ground hold simuletions were made with both helium and nitrogen 

Both chamber purges and closed-bag purges were used. gas purges. 

n e t  heat  leaks were found with the nitrogen system during a pressure 

t r ans i en t  from atmospheric pressure t o  a high vacuum. 

Lower 

The use of a purge bag reduced the ground environment hea t  leak. 

However, p a r t i a l  evacuation of the bag (with atmospheric pressure out- 

s i d e  of the bag) caused a s i g n i f i c a n t  increase i n  hea t  leak as the 

multi- layer system was s e n s i t i v e  t o  applied pressure and inleakage of 

condensible gases increased the s o l i d  conduction. 
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Penetrat ion Tests 
A penetrat ion placed wi th in  the multi- layer i n s u l a t i o n  increased 

the heat  leak t o  a g r e a t e r  degree than predicted from theory; measured 

temperature gradients  were i n  accord with those predicted,  

t i o n  has s a t i s f a c t o r i l y  explained the hea t  f l u x  discrepancy f o r  t h i s  

single test. 

No explana- 

Gravity Ef fec t s  

Heat f l u x  values measured on the upper ha l f  of the calor imeter  

tank have invariably been l a r g e r  than those on t he  lower h a l f .  

d i f ference has been ascr ibed t o  s e t t l i n g  of the i n s u l a t i o n  on the upper 

PALE. 
heat  leak. 
t i o n  and lessened during a lln0-g'' orb i t ing  state. 

This 

Such compacting simulates n mechanical load and increases  the 

These effects may be accectuated during a l i f t - o f f  accelera- 

Aluminized Mylar S t a b i l i t y  

Aluminum bonded t o  Mylar f i l m  is s e n s i t i v e  t o  mechenical abrasion 

and may detach. 

r e f l e c t o r  material. 
Also, water has a very de le t e r ious  e f f e c t  on t h i s  

Nylon Netting 

Nylon ne t t i ng ,  used as a spacer material, gives good performance 

under no-load conditions. In su la t ion  systems with such a spacer, how- 

ever,  w i l l  degrade under a n  imposed load; even ordinary thermal con- 

t r a c t i o n  w i l l  increase s i g n i f i c a n t l y  the s o l i d  conduction component. 
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11. EXF XMBNTAL PROGRAM 

"IERHAL CONDUCTIVITY MEASUREMENTS 

A. SlpMARY 

1. Purpose and Scope 

This repor t  summarizes tho work ca r r i ed  out  on the experimental mea- 

surements of thermal pro tec t ion  systems f o r  liquid-hyciiogen tanks by 

Arthur I). L i t t l e ,  Inc. ,  a t  Cambridge, Massachusetts, and a t  the NASA Lewis 

Research Center, Cleveland, Ohio. 

is a continuation of the theo re t i ca l  and experimenurl program begun under 

Contract NAs5-664 and W ~ - 6 1 5 ~  

This work, under Contract No. W3-4181 ,  

(1) 

As i n  the previous cont rac ts ,  the purpose of the work was to increase 

knowledge of the thermal behavior of mult i layer  insu la t ions  and t o  obtain 

d ~ t a  on the effects of var iab les  on t h e i r  performance, The major emphasis 

was on problems of i n s t a l l a t i o n  and techniques f o r  t r a n s i t i o n  fran ground- 

hold t o  space conditions.  

aspects of the  behavior of i a su ia t ion  systems. 

Less emphasis was placed on the theo re t i ca l  

2. Avproach 

Our previous work indicated that the most profound e f f e c t s  on mult i -  

layer insu la t ion  perfomance ware produced by mechanical lcwd, gas pressure 
m d  t y p e t  and thema1 ehorta, We, therefore, parformod them1 coductivity 

tests t o  invest'igcrte: 

a. the e f f e c t s  of canpressive mchanical l a d s  on severa l  
mult i layer  insu la t ion  systems; 

the e f f e c t s  of purge gas within mult i layer  insu la t ion  

sya tems ; 

the e f f e c t s  of perfora t ions  i n  the rad ia t ion  sh ie lds ;  

the ef fec t iveness  of a buffe t  zone aga ins t  rad ia t ion  

i n t o  the edge of a mul t i layer  insu la t ion  sample; 
new mater ia l  and canbinations thereof as they hecome 

avai lab le  ; 
the e f f e c t s  of added rad ia t ion  sh ie lds  on beat  f lux;  and, 

b. 

C. 

d. 

e. 

f .  

11-1 



g. t e s t i n g  insu la t ions  i n  support of work being done 

on other p a r t s  of t h i s  program. 

3. Findings and Conclusions 

On the basis of the r e s u l t s  of t e s t s  on d i f f e ren t  mult i layer  insula-  
t i o n  systems, we can summarize our findings and conclusions as follows: 

a. 

b. 

C. 

d. 

The configuration of the rad ia t ion  sh ie ld’  surface 

(i.e., smooth or embossed) appears t o  have 110 in- 

fluence on the heat f lux when tbe sh ie ld  is used 

in combination with f iberg lass  mat or c l o t h  spacers. 

The appl icat ion and subsequent release of mechanical 

loads on tl sample i n  the test apparatus appear to 

improve the thermal insulat ing propert ies  of a system 
containing aluminum radia t ion  sh ie lds  and f iberg lass  

c l o t h  spacers. 

W n  the number of rad ia t ion  sh ie lds  is increased; 

experimental var ia t ions  f r m  the theo re t i ca l  heat 
f lux are observed, which ind ica te  that: (1) because 

of the. weight of the overlying material in thicker  

samples, tbe s o l i d  conduction may increme; and 

(2) addi t iona l  radiat ion shields may be less effi- 

c i e n t  because their temperature may be higher and 

hence their emittance greater .  

The thermal performance under mechanical load depends 

upon the behavior of the spacer materials. Less re- 
s i l i e n t  mater ia ls  (as compaw.~’ t o  fiber mats or foam 
spacers),  such as c lo th  and ne t t ink ,  exh ib i t  a hfyher 

heat f lux under mechanical load. The heat f lux through 

the spacer can be lowered by reducing the load- 

supporting area within thz range of the canpressive 

s t rengths  of the spacer materials. 
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e. Tests a t  mechanical loads as low as 0.01 p s i  have 

confirmed that the heat f lux through a mult i layer  

insu la t ion  of aluminum shields  and nylon ne t t ing  is 

proportional t o  the 2/3 power of the applied load. 

The thermal conductivity of a purged system approaches 

the thermal conductivity of the purge gas and is  e f -  

fec t ive ly  independent of the thermal conductivity 

of the evacuated tiyaiem. 

Tests of tile effect iveness  of a buffer  tone t o  

thermally decouple a mult i layer  insu la t ion  system 

? :an a penetrat ion have confirmed the ana ly t i ca l  

pyediction. 

2erforat ions i n  a cr inkled aluminized polyester  f i lm 

f .  

g. 

h. 

i. 

insu la t ion  system caused the heat f lux t o  increase by 

about 20%; wbereae, s imi la r  perforationa (i.e., the 

aame hole size and amount of open area) i n  aluminum 
rudia t ion  ahielde used i n  canbination with ne t t ing  

spacers caused tbe haat  f lux t o  incraase by more 
than 150%. 

Canparison of t e s t e  on a n u l t i l a y e r  insu la t ion  system 

that had been damaged by metecroid-bumper debris  caused 

by hypexvelocity impacts and on En undamaged insu la t ion  
indicated t h a t  the thermal propert ies  of the damaeed 

sample were not s ign i f i can t ly  degraded by the bumper- 

debris dasage. 

Our work t o  da te  has shown that it i s  feas ib le  t o  s e l e c t  k ter ia l  
combinations which w i l l  minimize the e f f a c t s  of machanical loads on a 

mult i layer  insu la t ion  system and that the  system can be arranged so that 

influences of penetrations can be minimized. 

progress--both i n  experimentacion and application-in the development of 

:np+oved mult i layer  insu la t ion  eystems' performance can be maintained, it 

appears very l i k e l y  that by the time extended space missions are required,  

i t  w i l l  be possible t o  keep the boil-off rates of cryogenic f lu ids  within 

a few per  cent per year. 

I f  the present rate of 
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4. Reccmmendations 

On the basis of our thermal-performance data for mult i layer  insula-  

t i o n s ,  w e  recarmend that NASA: 

a. Continue the program t o  optimize ma te r i a l s  and material 

canbinattons;  i n  p a r t i c u l a r ,  t o  develop spacer materials 
with g r e a t e r  contact  res i s tance  and r a d i a t i o n  s h i e l d  

materials with lower emittance. Determine the e f f e c t  

of temperatum on the emittance of rad ia t ion-sh ie ld  

materials . 
b. Develop improved thennal- insulat ion systems; that is, 

systems having a smaller product of thermal conduc- 

t i v i t y  times densi ty ,  

Continue the program t o  develop systems that w i l l  
r e t a i n  their the rml - insu la t ion  p rope r t i e s  Over a 
wide range of appl ied loads and w i l l  averbcnne 

problems encountered during app l i ca t ion  of the in -  

sulation system t o  a tank; that is, problems such 

as compressive loads caused by tension during the 
wrapping process. 

c. 

B . INTRODUCTION 

The t h e o r e t i c a l  and experimental inves t iga t ions  of the performance 

of mul t i layer  i n su la t ion  systems performed by var ious  labora tor ies  have 

brought about a g r e a t e r  awareness of the r o l e  such in su la t ion  systems 

can play i n  the long-term pro tec t ion  of cryogenic f l u i d s  i n  space. 

r e s u l t s  obtained i n  these  earlier laboratory inves t iga t ions  are now being 

appl ied ,  i n  several programs, t o  systems designs that approach the scale of 

space - f l i g h t  hardware . 

The 

The search f o r  appl fca t ions  of mul t i layer  insulat ion.  systems has 
shown the necess i ty  fo r  addi t iona l  information on the behavior of these 

systems under condi t ions which approximate more c lose ly  those expected 

during ac tua l  use,  including: (1) the mechanical pressure exer ted  on the 

in su la t ion  system, (2) tha purging of systems during prelaunch and check- 
out, (3) the ensuring of rapid and maximum removal of gases within the 
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insu la t ion  system, and (4) tbe  thermal decoupling of the insu la t ion  from 

penetrat ions.  A l l  these condi t ions w i l l  have important e f f e c t s  on the 

op t imiza t ion -o f  both function and weight--of the various mul t i layer  i n -  

su l a t ion  systems. 
To obtain the f u l l  e f fec t iveness  of mul t i layer  i n su la t ion  systems f o r  

future  space missions,  increased e f f o r t  has been concentrated on the  de- 

velopment of new i n su la t ion  materials. Various companies have performed 

extensive development e f f o r t s  t o  provide new ana improved materials, par- 
t i c u l a r l y  fo r  spacers and r e f l e c t i n g  coat ings on polyes te r  f i lms.  

a s  new i n su la t ion  systems and materials have become ava i l ab le ,  e kve  
included them in  our experimental program. 

with the techniques and r e s u l t s  of measuring the thermal conduct ivi ty  of  

mul t i layer  insu la t ion  systems as a function of d i f f e r e n t  var iab les .  

As soon 

The following sect iona discuss  tbe por t ions  of our work which deal 

C. INSULATION SYSTEMS 

We chose the mul t i layer  i n su la t ion  systems f o r  t h i s  program on the 

basis of their p o t e n t i a l  t o  perform e f f e c t i v e l y  i n  both ground and space 
environments. We considered the  following criteria of utmost importance: 

(1) types of mate r i a i ,  (‘Lj heat - t ransfer  c k x a c t s r i o t i c s ,  (3) uait wetght, 
(4) po ten t i a l  appl ica t ions ,  and (5) spec i f i c  missions under consideration. 

The se lec ted  systems were e i t h e r  supplied by the  companies which bad de- 
veloped them or--in the case of systems which we dew >ped--asaembleJ. from 

materials with des i rab le  proper t ies .  Ths materials represented as w i d e  a 
range of spacer and rad ia t ion-sh ie ld  canbinatione a4 poss ib le  so that the 

da ta  obtained would be usefu l  i n  predic t ing  the perfoimance of similar 
mult i layer  i n su la t ion  systems. 

We te s t ed  18 d i f f e r e n t  i n su la t ion  systems with the  thermal-conductivity 

apparatus.  

the suppl ie r  of each sample, and the var iab le  inves t iga ted  on each saaple.  

It a l e 0  i d e n t i f i e s  each system by d a r  f o r  comenient  referencing i n  the 

diacussion t h a t  follows. 

Table 11-1 provides d e t a i l s  of the  in su la t ion  systemu t e s t e d ,  
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D. APPARATUS AND INSTRUMEN TATION 

1. Descript ion 

To measure the thermal conduct ivi ty  of mul t i l aye r  insu la t ions  and 

t o  study the e f f e c t s  of d i f f e r e n t  va r i ab le s  on thermal conduct ivi ty ,  we 
have designed and b u i l t  a f l a t - p l a t e  apparatus ,  shown in Figure 11-1, 
cons is t ing  of a double-guarded cold-plate ,  a warm-plate, a sample chamber, 

and a vacuum jackct. A c i r c u l a t i n g  f l u i d  keeps the warm-plate a t  the  

des i red  uniform temperature. The cold-plate  cons i s t s  of the bottom sur -  

faces of  the measuring v e s s e l ,  and the surrounding guard vessel. 

enclosing b e l l  jar permits the  apparatus t o  be evacuated t o  pressures  as 
low as 10'' t o r r .  

separa te ly ,  so that the sample can be exposed t o  varying l e v e l s  of gas 

pressure ,  

s ec t ion  of a 12-inch-diameter (approximately) test sample is determined 
by the boi l -off  rate of the cryoganic l i q u i d  contained in  the measuring 

vessel. The volume flow rate of the boil -off  gas is used t o  c a l c u l a t e  

the thermal conduct ivi ty .  

During this program, three  double-guarded cold-plate  u n i t s  were used 

The 

The pressure within the sample chamber is cont ro l led  

The quant i ty  of heat flowing through a 6-inch-diameter center 

(1) This apparatus is described i n  detail elsewhere. 

t o  measure the thermal conduct ivi ty  of var ious  t h a i m l  in su la to r s  at 

liquid-hydrogen and l iquid-ni t rogen temperatures, Two u n i t s ,  No. 1 and 

No. 2, are loca ted  a t  the Lewis Research Center i n  Cleveland, Ohio, and 

a third, No. 3, is located at the Art&w I). LkWLa, Lac., Laboratory in 

Cambridge, Massachusetts. 

2. Improvements 

a. Liquid-Hydrogen Transfer  LimL 

The vacuum-jacketed hydrogen-transfer lines on the u n i t s  that operate  

with l i q u i d  hydrogen were modified 80 that only one 150- l i t e r  por tab le  

s torage dewar: is now required t o  supply each apparatus; whereas, previously,  

two we're required for each apparatus. 

s a fe ty  of operat ion and f o r  more economical use of l i q u i d  hydrogen. 

This  change provides f o r  ease and 

The 
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valves i n  these t r ans fe r  l i n e s  were replaced with valves su i t ab le  f o r  use 

with l i q u i d  hydrogen. 

the f l u i d  lines t o  the warm-plate of apparatus No. 1 with a stainless steel 

assembly. 

a t ta ined  during test:= and w i l l  eliminate hazardous solder ing operat ions,  

which formerly requirad shut-down of hydrogen t e s t i n g  on u n i t s  No. 1 and 

No. 2. 

We replaced the sof t -soldered copper f i t t i n g s  on 

This assembly w i l l  permit higher warm-plate temperatures t o  be 

b, Small  Mechanical-Loadiw Device 

The o r ig ina l  thermal-conductivity apparatus i e  equipped wi th  a muv- 

ab le  warm-plate, which, when driven hydraul ical ly ,  may be used t o  compress 

in su la t ion  samples aga ins t  the cold-plate  t o  determine the e f f e c t  of 

mechanical loading on thsrmal proper t ies .  

years ,  t n i s  device has teen used extensively t o  apply mechanical loading 

of 2-15 p s i  to a s h a f t  that s l i d e s  through an  %"-ring seal in the vecutm;- 

chamber wall; f r i c t i o n a l  losses  a t  that seal introduce uncer ta in ty  in 
t h i s  method and l i m i t  i t s  r e l i a b l e  use t o  mechf.nica1 loading above L ps i .  

In our work of the pas t  two 

A 1  though evacuated mul t i layer  i n su la t ion  appl ied t o  epace~vehic l  e 

tankage may be subjected t o  loading of about o x  atmosphere during the 

ground-hold per iod,  it i s  an t ic ipa ted  t h a t ,  during space f l i g h t ,  loads 

considerably stnaller than i psi may be present  within the in su la t ion  system. 

Among the causes of such small loading may be: 
insu la t ion ,  thermal expaneion of the insu la t ion  components w i t h  respect  t o  

the tank, and compression of the  system i n  the v i c i n i t y  of tank su?port 

mambers . 
I n  order  t o  apply and maaoure small k c h a n i c a l  loads on mul t i layer  

wrapping tension of  the 

insu la t ion  mnp las ,  we r . ; d r e d  add!.tianal instrumentation, We considered 

several loading methods, but  axcluded designs with e l e c t r i c a l  canponents 

because of t h e i r  po ten t i a l  hazard i n  a poosible hydrogen-in-air atmosphere, 

We f i n a l l y  constructed a device using welded bellows (sho- i n  Figure I I - 2 ) ,  
because of i ts  apparent advantage0 i n  accuracy, s impl ic i ty ,  and econauy. 

The device cons i s t s  of tha following e s s e n t i a l  components: 

(1) A f loa t ing  p l a t e ,  t o  t ransmit  the load i n t o  

tho sample. This p l a t e  is r i g i d  (0.5-inch 
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thick) , contains  several copper-constantan 

thermocouples, and, i n  t h i s  arrangxnant, 

s u b s t i t u t e s  for the wrm pla te .  

(2) Three velded bellows assemblies, t o  convert 

pneumatic pressure i n t o  a force t h a t  is ap- 

p l i ed  t3 tbe f l o a t i n g  p l a t e .  

(3) Three d i a l  ind ica tor  assembles, t o  determine 

the pos i t i oa  of the f loa t ing  p l a t e .  

(4) A support f ~ a ~ ~ e  (which a t t aches  to  the warm- 

p l a t e  s t ruc tu re ) ,  t o  sapport the bellows 

assemblies and provide a reference surface 

fo r  the d i a l  - indicator  measuremnts. 
Two more required modifications i n  the tbermal-conductivity apparatus  

were accaaplished: 
i n s t a l l ed  i n  the vacuun-cbamber w a l l ;  i d ,  (2 )  the s a m p l e - c b b e r  all was 

lovered t o  make rmn f o r  the t e lded  bellows assembly. The dewar assembly, 

previously supported by the sample-cbamber w a l l ,  bad t o  be supported now 

by thee rods. 

(1) viewing po r t s  t o  observe the  d i a l  i nd ica to r s  =re 

I n  the operat ion of t h i s  device, a sample is placed on the f l o a t i n g  

p l a t e  as shcm in Figure 11-2, and the bellows are pressurized.  

pressure extends the bellcws and raises tbe f loa t ing  p l a t e ,  canpressing 

the sampl-c aga ins t  the c o l d g l a t e .  

frame is at tached,  is then ra i sed  by the  external hydraul ic  cy l inder  u n t i l  

the d i a l  ind ica tors  show tbst the bellows are reilurned t o  their unpressured 

height. 

the pressure-gauge indicat ion.  
constant of the bellows. 

The 

The warm-plate, to which the support 

The force ac t ing  on tbe sample can then be canputed d i r e c t l y  from 

This force  is independent of the spr ing  

We i n s t a l l e d  the device i n  the conduct ivi ty  apparatus dad, a f t e r  some 

brief preliminarr measurements, conducted a t e s t  wi th  a sample of a t yp ica l  

mult i layer  insu la t ion  system. I n  t h i s  test, the thermal-conductivity appa- 

ra tus  operated s a t i s f a c t o r i l y  and measured mechanical loads as low as 0.01 

p s i .  The pressure regulator  i n  ?he pneumatic system was the l i m i t i n g  f ac to r ;  

i t  appears tha t  a regula tor  of higher  s e n s i t i v i t y  may make the apparatus  

capable of measuring loads down t o  approximately 0.006 ps i .  

11-13 



3. Cal ibrat ion 

Cal ibrat ion tests were per."mned on two of the three operating u n i t s  

t o  determine i f  the performance of the apparatus was impaired by recent 

modifications or  by normal operation over a p r i o d  of near ly  two years. 

fn the ca l ib ra t ion  tests, a f l a t  heater was at tached t o  the measuring- 

vessel port ion of the cold-plate. An aluminum rad ia t ion  shi.eld, attached 
t o  the measuring vessel, surrounded the heater t o  ensure that a l l  of th 

power supplied t o  the beater would be transferred t o  the measuring vessel. 

The measuring, guard, and nitrogen vessels, and the warm-plate were f i l l e d  

vith l i qu id  nitrogen t o  minimize temperature differences between tbe sur-  

faces of the sample c b b e r .  In addi t ion,  a rad ia t ion  sh ie ld ,  fastened 

t o  t k  guard vesse l ,  enclosed the radiat ion sh ie ld  and hea ter  described 

above t o  fur ther  reduce the poss ib i l i t y  of s t r a y  rad ia t ion  teaching the 

measuring vessel. 

apparatus a f t e r  fabr icat ion.  Measurements showed that the power diss ipa ted  

i n  tbe leads of the heater c i r c u i t  w a ~ ,  3.9X of the t o t a l  power measured a t  

tbe terminals. 

The same ca l ib ra t ion  method w a s  used for all three 

The dsta were adjusted t o  account for this p o e r  loss. 
!Che test was conducted a t  power inputs t o  the heater of f ran  0 t o  

approximately 44 m i l l i w a t t s .  The r e su l t s  of these tests are given i n  

Tables 11-2 and 11-3, where the power disaipated a t  tb heater (input) i s  

campared t o  the boi l -off  rate (output). The ca l ib ra t ion  data are within 

reasonable experimental e r r o r  and, we believe, demonstrate that the per- 

formanre of each of tbese u n i t s  is sa t i s f ac to ry  and has not been impaired 

by e i t h e r  modification or use. 

E. EXPERIMENTAL RESULTS 

1. Elaterials 

a. Comparison of Radiation Shield and Spacer Hater ia l s  

Tests were performed on samples of four insulation systems that were 

submitted by L t A i r  Liquide. 

smooth- or  wdffled-aluminum radia t ion  shields  and f iberg lass  c lo th  or 
f iberglass  mat. The samples are described in Tabls 11-1, Insu la t ion  

Systems VIII, IX, X, and XI. 

These sample3 consis ted of combinations c5 

. 

The results of the tests performed on these 



TABLE 11-2 

HEATER CALIBRATIGN OF THERHAL-CONWCTiJI~ APPARATUS NO. 1 
January 1964 

*cold - -320°F 
Heater Power Boildf Rate . Difference 

(input) (output ) (output mit;ue input) 

ix2 -3 (sm/hr-ft2) Jwatts x (watts x Iwacts x-10 ) 

0 0 0.2 to.2 --- 
0.147 9 9 .o 0.0 0.0 

0.336 20.5 19.6 -0.9 -4.6 

0.715 43.7 43.8 a.1 4.2 

TABLE 11-3 

HEATER CALIBRATXW OF TliERMALGONDUCTIVITY APPARATUS NO. 3 
January 1964 

*cold -320'F 

Heater Fower B o i l 4  ff Rate Di f ference 
(*ut) (output) (output minus input) 

(BTU/hr - f C 2~ (watts x  IO-^^ (watts x 10 -31 (watts x loo3) Ixz 
0.178 10.9 11.1 4.2 +1.8 

0.425 26.C 25.4 -0.6 -2.3 

1.26 76.8 76.4 -0.4 -0.5 
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samples are given i n  Tables 11-4 through 11-7. 

(Nos. 2026 and 2027) were t e s t ed  and reported under the previous con t r ac t  

but are repeated here fo r  reference.  

data taken from those t ab le s  and are presented to  demonstrate the folloving: 

The f i r s t  two samples 

Figure 11-3 and 11-4 are p l o t s  of 

(1) With the spacer mtsiitlhs t e s t e d  and f o r  the 

Condition of s l i g k t ,  al though umreasured, 

mechanical loadins o ? ~  the insu la t ion  samples, 

t he  embossed altrminum rad ia t ion  sh ie lds  ap- 

peared t o  produce the s m  heat flux through 

the in su la t ion  system as the smooth rad ia t ion  

sh ie lds .  

l e c t e d  data was usefu l  f o r  canparing the 

smooth-alrrminum with the embossed a:uminum 
r a d i a t i o n  sh ie lds ,  because the samples con- 

t a in ing  tb fonaer were t e s t e d  near t h e i c  

optimum dens i ty  (zero load) w h i l e  the saqtles 

containing the latter were t e s t e d  pr imar i ly  

Only a l imi ted  &noun? of the co l -  

as load-beariirg in su la t ions .  Figure 11-3 
shows heat f lux  p lo t t ed  as a funct ion of the 

number of r ad ia t ion  shields per inch f o r  a l l  

four  in su la t ion '  systems. In  Figure 11-3, 
canparing the r e s u l t s  of the tests on the 

samples tha t  contain the eame spacer materials, 

sample No. 2026 with 2028 and sample No. 2027 

v i t h  2029; the curves are apparent ly  parallel 
and very c lose  together.  

the curves overlap,  the samples are under 
very s l i g h t ,  although unmeasured, mechauical 

Loading. 

Applying and then re leas ing  the mechanical 

load imposed on a aample i n  the test apparatus  

apparent ly  improves the thermal i n su la t ing  

p rope r t i s s  for  the sample containing aluminum 
r ad ia t ion  ohields  and f ibe rg la s s  c l o t h  spacers. 

I n  the range where 

11-16 
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LEGEND: 

Sample I%. 
0 2026 

I 2027 

er 2028 

0 2029 

Me',dal 
(10) 0,0003-Inch Smooth Aluminum 
+ (11) Ftberglass Mat (System VIII) 
(10) 0.0005-Inch Smooth Aluminum 
+ (1 1) Three Ftberglres Cloth 
(System MI 
(10) O.ooo5-Inch Embossed Alu- 
minum + (1 1) Ftberglass Mat 
(Qat- X )  

(10) 0.0005-Inch Embossed Alu- 
minum + (1 1) Three Ftberglass 
Cloth (@atem XI) 

1 15 20 30 40 ' 50 60 70 80 90 100 

Number of Radiation Shields Per Inch 

FIGURE 11-3 EFFECTS OF EMBOSSED RADIATION SHIELDS A N D  SPACER 

TION SYSTEMS (SYSTEMS VI& IX, X AND XI) 
MATERIAL ON HEAT FLUX THROUGH MULTILAYER INSULA- 
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LEGEND: 
Sample No. 2027 

(10) 0,0005" Soft Aluminum 
(11) 'Ihree Layers of Ftberglass 

Cloth 

43- Measured &fore Loading 

-*- Measured After Loading 

--oI U-xsured After Loading 

Tc = -423°F 

Tc = -320°F 

Tc = -423°F 

=c = 

200 100 66.7 50 40 33.3 

- 
I I I i I I 

Number of Rsdi ation Shie1.d~ per Inch 
I I I I I I 

0 0,050 0.100 0.150 0,200 0.250 0,300 0.350 

Sample Thickness (Inches) 

FIGUREII-4 EFFECT OF MECHANICAL LOADS ON THE HEAT 
FLUX THROUGH A MULTILAYER INSULATION 
(SYSTEM IX) 
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Figure 11-4 shows heat f lux  p lo t t ed  as a funct ion of sample thick-  

ness f o r  the system containing smooth aluninum rad ia t ion  sh ie lds  and 

f ibe rg la s s  c l o t h  spacers.  

any appreciable mechanical loading was appl ied t o  the insu la t ion  sample . 
An estimated 1 -ps i  load was appl ied t o  the sample and then relaased,  and 

then t e a t s  similar t o  those before loadin ,  were performed. The data ob- 
ta ined after mechanically loading the 'sample are represented by the dashed 

curve. Although most of the data taken a f t e r  release of the load were 
obtained with the cold-plate a t  -32O0P--the cold-plate was a t  -42OoF before 

loading--we bel ieve that i n  these test3 the hea t  f l w  is not  a f f ec t ed  by 
t h i s  change in  cold-plate temperature. 

No. 65008-00-02, Contract No. -5-664.) 

be imagined t o  extend through the  0's and the A's which represent  Tc of 

-423 and -320, respec t ive ly ,  and it appears t h a t  applying and re leas ing  

tbe mechanical load r e a u l t s  i n  a more t i g h t l y  packed sample and a lowmr 

heat f lux through the  in su la t ion  systams . 

The s o l i d  curve represents  da t a  taken before 

(Refer t o  pp. 61 and 62 of Report 

The dashed curve can, therefore ,  

b. Quality 

A sample of a m u l t i l a p r  insu la t ion  system coneis t ing of 20 r a d i a t i m  

sh ie lds  of cr inkled a'uminieed-polyester f i lm 0.30025-inch th i ck  was 
t e s t ed  t o  determine the insu la t ing  proper t ies  a t  its optimm density.  

A sample of  s imi l a r  material whhh  had been purchased more than two years 

earlier w a s  tested in March 1962, but recant  data (obtainad fram samples 

No. 1050, 1052, and 1053) indicated t h a t  the material qua l i ty  had improved 

during the in te r*  period. 
that, during that t i m e ,  the fabr ica t ing  process had been modified t o  pro- 

duce a more cont ro l led  and uniform aluminum coat ing on the polyester  f i lm,  

two curves representing heat f lux  p lo t t ed  vs, the number of layers  per  

inch: 

recent  data .  A t  40 rad ia t ion  sh ie lds  p e r  inch,  the heat f lux through 

the sample t e s t ed  t h i s  yaa t  is approximately 30% lower than for the sample 

t e s t ed  earlier, thus ind ica t ing  an improvement i n  tha q u a l i t y  of t h i s  
insu la t ion .  

A conference with the manufacturer revealed 

The r e s u l t s  of these tests appear i n  Table 11-8. Figure 11-5 shows 

one c u m  i s  p lo t t ed  f o r  the e a r l y  data; the other ;  fo r  the more 
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c . F$ni t tance 

A s e r i e s  of tests has been made to  determine the t o t a l  hemispherical 

emittance of var ious sur facas  encounterei  i n  mul t i lnyer  i n su la t ion  systems. 

To perLrm these tests, we used the thermal-conductivity apparatus and a 
technique i n  s h i c h  the warm-plate is covered wi th  the ms te r i a l  t o  be 

measured, and is allowed t o  r a d i a t e  t o  the nearby cold-plat%. 

between these parallel sur faces  may be made small i n  comparisou with the.ir 

diameters, 30 that +.he -.rape f ac to r  of either sur face  is 1, 

twnperature; of the two sur faces ,  t he  t o t a l  hemispherical emittance of 

the co ld-p la te ,  and the heat input t o  the cold-plate ,  we can then de te r -  

mine the emittance of the covering appl ied  t o  the warn-plate, 

and gray surfaces  ( fo r  which emittance is independent of wavelength) the 

Thn d is tance  

Knowing the 

For d i f fuse  

ne t  heat flux between the tw? sur faces  .Is given by (2). . 

where; 

Tl? t t 

4 4 - Tc 1 
-p. '= 

1 - - 1  1 
€ E 
- a 

9 C 

q Heat Flux, Btu/hr 

cf 0.174 x loga Bti/hr-ft2-OR4 

T = Temperature, R 
a - Area, f t  

Cs = Emittance of Sample 

o = Rmittance of Cold-Plate 

0 

2 

C 

1 hemispherical emittance of the  old- 1 

(11-1) 

te  (eC), which vas 
coated wi th  a 0.002-to4.005-inch l aye r  of Black Velvet Coating 9564 

(Minnesota Mining & Manufacturing Co.) had t o  be de temined  5efore any 
highly r e f l ec t ive  sur faces  could be t e s t ed ,  

(e,) 9 r .  

s e r i e s  ol. tests was conducted wi th  the warm-plates and the cold-plates  

a t  several temperature levels, The emittance values were then ca lcu la ted  

by using the data so obtained for t he  simultaneous so lu t ions  O F  a number 

of equations of the form of equat ion 11-1. 

In order  t o  e s t a b l i s h  t h i s  

o m - p l a t e  was also painted with the same black .coa t ing  and a 
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Teats were then perforated t o  determine the emittancs (eS) of a sample 

of 0.002-inch thick 114S-Hl9 aluminum (Alcoa). The aluminum was bonded t o  

the warm-plate with a small mount  of vacum grease t o  h s u r e  good thermal 

contact. 

foil-warm-pl-ate interface was cegl ig ib le ,  and tbe warm-plate tempra ture  

reading, were taken as the sample temF=ture,  For these tests, the cold- 

plate  temperature was varied (-320°F and -423OF) while the warm-plate tw- 
perature was k l d  consrant (41 t o  42%), and the ne t  heat flux between the 
t=o sur2aces was measured. 

For the low heat flux measured, the temperature drop across  the 

The r eeu l t s  of these measurements appear i n  Table 11-9. The 

emittance of the black velvet coating was found t o  be 0.93 at about 
4 0 9 ,  and appeared to  change l i n e a r l y  with te-erature: 

and 0.95 a t  jOO?. 

plot ted as a function of temperature, 

f o i l ,  which was a t  a b u t  409, va8 found t o  k 0.02 for two t e s t a :  

one t e s t  with the cold-plate a t  the  normal boi l ing  point of l i qu id  

ni t rogen and the other  test wi th  the cold-plate a t  the  normal bailing 
point of l iqu id  hydrogen. 

0.97 a t  -4239, 
Figure 11-6 shows the emittance of t h i s  coating 

The emittance of the a l d n m  

An errar analysis vas performed upon the computation: the results, 
given i n  Table : I - lC ,  show t ha t  umer t a in t f e s  i n  the  computed emittance 

of the warm surface f a l l  in the  3-5% range, assunzing the  gray-body 
condition to  be val id ,  Edwards and N e l s ~ n ( ~ ) h o v e  examined the  gray- 
body asrumption and have conclisded tb t  f o r  

f o r  these tests, errors d w  t o  nongr&ynesa are negl igible .  

a e, vhich ia  the came 

2 ,  NLnnbcr of Radiation Sktelds 

Tests wre performed on s q l c s  of mult i layer  izwulations (Table 

11-1, Systeme 11-2, 3, 4 6 5) t o  determine the  e f f e c t ,  if any, of the  

n*&r of rad ia t ion  rh i e lds  on heat f lux.  

The test results are presenL26 graphically in Figure 11-7. The 

points sham are the optimum heat f lux rates obtained f o r  each sample, 
corrected t o  a wann-piate tengerature of 41*. The para l l&:  rol id  

lines give the coarputed heat  f l ux  through a mult i layer  i n m i a t i o n  syrtem 

aaswning that the heat flow were due to  rad ia t ion  only. 

of 0.3 and 0.5, respectively,  were used f o r  the warm and cold boundaries 

of the system, and a value of 0.36 was taken f o r  the uncoatrd surface 

Emittance values 
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of the polyes te r  f i lm.  For cu rve  A ,  an emittance value of 0.07 was 

taken f o r  the  aluminized surface of the polyester ' f i lm:  curve B was 
computed w i t h  an emittance value of 0.045. The heat  flcw r a t e  was 
determined by equating the  heat  f l u x  between the sh ie lds ,  and solving 

a a e r i e s  of equations of tka form of equation 11-1. 

The thermal r ad ia t ion  da ta  of the r a d i a t i o n  sh ie lds  were determined 

i n  tests pcrfotmed i n  another phase of t h i s  program. 

of t h i s  repor t  f o r  d e t a i l s  of these measurements. 

See sec t ion  E-I-c 

The r i s i n g  t rend of the data  poin ts  wi th  increased numbers of 

r ad ia t ion  sh ie lds ,  as canpared wi th  the  t h e o r e t i c a l  curve for r ad ia t ion  

heat t r ans fe r ,  suggests an increasing s o l i d  conduction cmponent f o r  the 

th icker  samples, This could be p a r t l y  due t o  the corrprassion of t he  

lower l eye r s  of the  sample by the  w i g h t  of the overlying material, 
which is appreciable  *or the th icker  samples, 
emittance of the  r a d i t t i o n  shields at higher temperatures, r e s u l t i n g  

i n  a less e f f i c i e n t  use of addi t iona l  sh i e lds ,  may also p a r t i a l l y  account 

f o r  tha r i s i n g  t rend.  

A poseible  increase i n  

3 ,  Mechanical Loadint 

Because of t he  a d w r s e  e f f e c t  compressive loads have on multf layzr  

i n su la t ions ,  we continued our  inves t iga t ion  of varioue m u l t i l a y e r  

i n su la t ion  syetcme which shoved the p o t e n t i a l  t o  withstand mechanical 

coqi ress io2  v i thou t  excaesive de t e r io ra t ion  of t h e i r  thermal proper t ies .  

I n  t h e m  tests the saqles vere compressed between the two r f g i d  f l a t  

p l a t e s  of the test apparatus,  

We te s t ed  samples of e i g h t  i n su la t ion  systems, cons is t ing  of 
combinations of aluminum or aluminized polyes te r  f i l m  rad ia t ion  sh ie lds  

wi th  c lo th ,  n e t t i n g ,  mat ,  o r  foam spacers. The test samples are described 

i n  Table 11-1, Syateme X through X V I I  inc lus ive ;  the test results are 
provided i n  Tables 11-11 through 11-17 and Figures 11-8 and 11-9. 

Figure 11-8 contains  a p l o t  of heat  f lux vs,  mechanical load for these 

s i g h t  ineula t ion  systems; the da ta  a r e  presented as follows: 

a. The pointa a t  zero mechanical load were determined 

by optimizing the  densi ty  (see Figure 11-9): 

b.  The darkened poin ts  a r e  the  results of tests made a t  

incrementally increasing mechanical loads: and 

c ,  The l i g h t  po in ts  are the r e s u l t s  of t e s t a  made a t  
incrementally decreasing mechanical loads.  
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The curves i n  Figure 11-8 are drawn midway between the da ta  poin ts  

obtained f o r  increasing and decreasing loads,  and except f o r  system XIV 
vere not continued belaw 1/2 p s i .  The results f o r  zero load are given. 

The c u r v e  f o r  system XIV is drawn through data obtained f r a n  two d i f f e r e n t  

samples and a t  twc d i f f e r e n t  co ld-p la te  temperatures. 

p s i ,  except a t  zero load, Ytre obtained using one s q l e  (number 3037) 

with  l i q u i d  ni t rogen i n  the cold-plate  v h i l e  the po in t s  a t  zero load 

and above 2 p s i  were obtained using-mother sample (umber 2040) wi th  

l i q u i d  hydrogen i n  t h  cold-plate .  

on systam XIV. 
i nd ica t e s  t h a t  t he  fieat flux is  proport ional  t o  t he  2/3 power of the 

The da ta  bel- 2 

Figure 11-10 sunmsrites the data 

The s':.ope of t he  l i n e  drawn through the data po in t s  

appl ied load. 

I n  F igcre  11-8, a comparison of the curves for system X and 

aystem X I  indicatca that the apacer msterial l a rge ly  determines t he  

thermal performance of a mult i layer  i n s u l a t i o n  under mcchmical loading. 

Theae srmples conta in  the a m  r a d i a t i o n  s h i e l d  material but  d i f f e r e n t  

spacers, r e s u l t i n g  in heat fluxes that d i f f e r  by an order  of magnitude 

a t  the  loads measured. 

f i b e r g l a s  mat spacers  (~amplc number 2028) appears to  be one of the  

better load-bearing in su la t ions  t h a t  we hzve t e s t ed ,  while  t he  system 

containing f i b e r g l a s  c l o t h  spacers  (sample number 2029) appears to be 

one of t h e  w o r s t .  

r r d i a t i o n  sh ie lda .  

For exaople, the i n s u l a t i o n  system containix@ 

Both ayatems contained t h e  8- embo8red a l d n u m  

Figure 11-8 i nd ica t e s  that under load the thermal performance 
of c l o t h  and n e t t i n g  spacer  usterials is inferior t o  P r t t e d  and foamed 

spacer  ma te r i a l s ,  Additional improvements may be produced by 8 1 0 t t i q  

the  spacers  t o  reduce the load-supporting area. 
of t he  spacer materials given i n  the order of improvement as thema. 

in su la to r s  are: c l o t h ,  net, mat, foain, mut 11% ~ ~ p p o r t ,  and foam 11% 

support. 

Generalized desc r ip t ions  

For a l l  6.: these systems, each t e s t  mpde at lesa than maxiam 
load ccter the  app l i ca t ion  of t he  maximum load r e su l t ed  in a higher 

heat  f l u x  than the iden t i6a l  test made before  appl icat ion.of  the r n U i m m  
load. This mpy have r - s u l t e d  fran deformation of Refer to  Figure 11-8. 
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the  i n s u l a t i o n  system by the  l a rge  load and i t s  consequent increase  i n  

dens i ty .  I f  the  sys t em was re turned to  i ts  o r i g i n a l  dens i ty ,  i t s  

in su la t ion  proper t ica  appeared t o  be s l i g h t l y  improved by the  appl ica-  

t i o n  of thc  load. Refer t o  Figures 11-4 through 11-9. 

4. Purge Gas and Type of Gas 

.? series of tesxs vas performed on two types of m u l t i l a y e r  insula-  

tiom t o  de te rn ine  the  q u a l i t a t i v e  e f f e c t s  on t h e i r  thermal conduct ivi ty  

of var ious purge gases. 

i n  Figure 11-11 and instrumented as shown i n  Figure 11-12. 

tests, the  purging gas entered the  sanple-chamber through the  i n l e t  po r t .  

The sample-chamber vas also f i l l e d  v i t h  the purging gas and vas main- 

tain=d at  t he  s- pressure  as the  sample t o  prevent chamber rupture  and 

also t o  minimize leakage from the  sample. 

pressures  were determinad wi th  appropr ia te  instrumentat ion,  as shown i n  

Figure 11-12. The heat added t o  the  sy r tun  by t-he en te r ing  purge gas 

vas c q u t e d  t o  be less th8n 1% of the total  hea t  f l u x ,  f o r  all t e s t a  

except test No, 3033d, and was neglected i n  the  ca l cu la t ions .  

heat f l u x  measured i n  test No, 3033d contained about 7% add i t iona l  heat 
t h a t  was  added to t he  system by the  condensing of the (2% purge gas on 

the cold surfaces .  

The s q l e s  vere sea led  i n  enclosures as shown 

During the  

Purge-gals flow rates and 

The 

The test samples were designated 3032 and 3033, each coneis t ing  of 

the  materials of Table II-l? System VI, and aasnple 3034, cons is t ing  of 
the materials of Table 11-1, System I. 

The in su la t ion  samples were t e s t e d  with l i q u i d  n den and l i q u i d  

hydrogen a t  the  cold side; helium, ni t rogen,  and cerbou diaxide were used 

f o r  purging. 

Cleveland) w a s  i n t e r rup ted  because the s.nples were damaged during ship- 

ment and had tr, be repaired.  

l iquid-nitaogen temperature were repeated,  w i th  r e s u l t s  approximately the  

same as those obtained earlier. One s q l e  was evacuated and t e s t ed  t o  

determine the  Effec t  of t he  enclosure on the thermal performance of t he  

in su la t ion .  

meaeured f o r  t h i e  Insu la t ion  aystern: such an i n c r t a s e  could be accounted 

The t e s t  series ( i n i t i a t e d  i n  Cambridge and continued i n  

Af te r  r e p a i r s  were made, some tests a t  

In t h i s  test ,  the  hea t  f l u  vas about double t h a t  previously 
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f o r  by the higher pressure of the res idua l  gas i n  the  sample r a t h e r  than 

by a thermally degrading e f f e c t  of the  enclosure.  

The arrangement8 of the  instrumentation for the  tests with con- 

densible  gases was revised t o  allow the purge gas t o  e n t e r  both p o r t s  

while the gas was condensing. 

the  purge gas through the system when condensing had subsided and the 

maximum amount of f r o s t h a d  formed with in  the  system. ?:owever, cryo- 

pumping continued throughout the test, ind ica t ing  t h a t  the formation of 

frost w a s  itot cmplete when the supply of t h e  cryogen i n  the devars vas 
depleted.  The hslt flux through the purge systems wae steady 

throughout the t e s t s , . and  was apparent ly  independent of the t r ans i en t  con- 

d i t i o n s  wi th in  the  encloaure. The r e s u l t s  of purging wi th  condensible 

gases are d i f f i c u l t  t o  evaluate, because the  ex ten t  of condensation i n  the  

mul t i layer  i s  not e a s i l y  ascer ta ined.  

The exhaust po r t  was t o  be opened t o  let 

For helirnn, a i t rogen ,  and CO purgo g a ~ e a ,  it is ins t ruc t ive  2 
t o  compare the  heat  flux through the  insu la t ion .  

ae  the purge gas wi th  a cold-plate  a t  ltquid-hydrogen temperature, the  

When nit rogen waa used 

heat f b x  was 
cold-plate  a t  

gas ,  the heat  

tht  when C02 

nearly e igh t  times higher than when C% was used wi th  a 
l iquid-ni t rogen temperature. men helium w a s  the purge 

f l u x  was 6-112 timer that of the C3. 
forma a low-density a n w  a lcrwer heat  f l u x  is obtained 

Tnie w i d 4  iridicata 

through the in su la t ion  than when helium or condensing ni t rogen is used 
a s  a purge gas. Further t e s t a  Or i l l  be requi red  t o  e s t a b l i s h  the thetnvl 

proper t ies  of condensing COP and the  time required f o r  the  purged ineula- 

t i o r  system t o  regain the  des i red  low thermal conductivity a f t e r  it has 
been exposed t o  a lar-preeaure environment ( to which the  COq escapes). 

the following conclusions can be drawn: 

Tables 11-18 and 11-19 s h w  the  r e s u l t s  of these tests, fromwhich 

a. I n  every cae?,  the  thermal conductivity of the  purged 

mul t i layer  i n su la t ion  sample was a t  least three  orders  

of magnitude higher than f o r  an evacuated sample. 

b. There is a c o r i e l a t i o n  between the  tht=rmal conduc- 

t i v i t y  of a noncondensible purge gas and the resultant 
thermal conduct ivi ty  of the  purged sample: t h e  
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5 .  

conductivity of a purged sample approaches the con- 

duc t iv i ty  of the  purging gas and is  e f f e c t i v e l y  in-  

dependent of the performance of the evacuated 

in su la t ion  sample. 
c.  With helium as the  purge gas ,  t he  heat f l ux  through 

the systems wa8 approximately the same, independent 

of the  cold-plate  temperature. 

d. The tests on each sample were repeatable even though 
the  sample had been tested on two d i f f e r e n t  apparatus 

and damaged and repaired between t e s t a .  

Suffer  Zone 

A number of mechanical supports,  piping connections, and o ther  

s t r u c t u r a l  elements must necessar i ly  pene t ra te  through the mult i layer  
insulation and make direct contact  with the cold-tank w a l l .  

temperature grad ien t ,  the heat  f l m  i n t o  the  tank through these penetra- 

tions may be g rea t e r  than through the insu la t ion  system. Because of t he  

highly unisotropic  proper t ies  of mu1 t i l a y e r  i nau la t iocs  (thermal con- 
6 duc t iv i ty  along an in su la t ion  using aluminum rad ia t ion  sh ie lds  is 10 

g rea t e r  than acro8s t h  shie lds) ,  impoaed temperature gradien ts  a t  
junct ions wi th  penetrat ions propagate rap id ly  along the  ineula t ion .  

It Z,E,  thetctfnre, necessary t o  ensure t h a t  temperature grad ien ts  normal 

t o  the  tank wall are much emrller i n  the i n su la t ion  than those existing 
i n  the penet ra t ing  elements. 

thermally decoupled from the  insu la t ion .  

A t  a given 

This is possible  i f  t he  pene t ra t ion  i a  

The methods aad requirements of decoupling vary wi th  the  s p e c i f i c  

sya tea  design. 

between the pene t ra t ion  and the  mul t i layer  i n su la t ion ,  because: 

r ad ia t ion  from the  environment can en te r  the  gap, and (b) r a d i a t i o n  can 
be t ransfer red  through the space between the edges of the  sh i e lds  and 

the penetrat ion,  

It i.s no t  poss ib le  t o  decouple by j u s t  leaving a gap 

(a) 

An analyr ie  of the  magnitude of the  hea t  flow i n t o  the  insulation 
has indicated that t h e  i n s e r t i o n  of a buffer  zone of a width only twice 

its thickness can thennally decouple penetrat ions from i n su la t ion  edges, 
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even i n  the extreme case where the buffer  t o m  would touch the  pene t ra t ion ,  

With only r ad ia t ive  interchange between the buf fer  zone and the penetra- 

t i on ,  thermal decoupling is e w n  more complete. (1) 

I n  order  t o  determine the  e f fec t iveuess  of a buffer  zone t o  dccouple 

the ineula t ion  system from the thermal environment produced by penet ra t ions ,  

w e  performed the following tests. 
(see Figure 11-13) around the  edge of a sample of mul t i layer  insu la t ion .  

The temperature a t  that loca t ion  was varied by con t ro l l i ng  the  power 

supplied t o  the  heater:  the  heat  f l u x  i n t o  the measuring vessel was 
determined by mea8u1-C.~ che boi l -off  rate. 

s t ruc t ed  of materiais described i n  Table 11-1, System XIV. 
buffer  zone of 1 /8  inch width was fotmcd by extending the spacers beyond 

the r ad ia t ion  eh ie lds .  The width (x) t o  thicknesa (d) r a t i o  f o r  t h i s  

buf fer  zone was 0.36. 
configurat ion of most of the samples used i n  our previous work. L 

The r e s u l t s  of these tests (see Figure 11-14) i nd ica t e  that the  

temperature change from -195 t o  -27% had no e f f e c t  on t he  heat flow 

pa t t e rn  wi th in  the mult i layer  i n su la t ion  sample. 

temperature of +1709 re su l t ed  i n  only a 23% increase i n  hes t  f l u x  i n t o  

the measuring vessel. These r e s u l t s  indicate:  (a) t h a t  a buffer  zone of 

thie: mater ia l  and configurat iqn is an affective method of t h e m a l l y  de- 

coupling a mult i layer  i m u l a t i o n  system from penetrat ions:  and, (b) the  

0.36-ratio of width t o  thickness ,  repreeatitatlve sf m a t  of the sewlea 

teared previously i n  t h i s  program, e f f e c t i v e l y  reduces edge e f f e c t s .  

We i n s t a l l e d  a ring-ehaped hea ter  

The t e s t  sample was cou- 

An annular 

We chose t h i s  r a t i o  because it corresponddd t o  the  

Even the  high hea ter  

The apparent usefulness of t h i s  concept, as ind ica ted  by theae 

tests, poin ts  t o  the need f o r  more t e s t i n g  i n  order  t o  optimize the con- 

f igu ra t ion  and the material used to  form a Suf fc r  zone, 

6.  Perfora t ions  -- 
We cantinued tests on the e f f e c t  of perforated r ad ia t ion  sh ie lds  

on t k  heat  f l ux  through sanples of mul t i l sycr  i n su la t ion  systems. 

viour.ly(l)we had found that, f o r  a given mul t i layer  i n su la t ion  syeLem, 

the tieat f l u x  increased d i r e c t l y  with the amount of open area  and inversely 

with the diameter of the  hole.  

P ra -  

To complete our invea t iga t ion ,  we tested 
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Thermocouple I 
Buffer Zone Width 1/8 Inch 

Relief  for Push Rods 

12.125-fnch ID . 

12-3/b-Inch OD 

Heater Winding 
0,025" Ma. Ntchrome 
35 fl Covered with Cement 

Threaded Rods 
Support Dewars 81 
Edge Heater - 

Base Plate- 
\ 

Sample-Chamber 
Skirt Bolted to 
Bese Plate 

FIGURE 11- 13 ARRANGEMENT OF SAMPLE CHAMBER FOR TEST OF A 
BUFFER ZONE 
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FIGURE 11- 14 EFFECT OF A BUFFER ZONE 
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mult i layer  i n su la t ion  samples of other  materials, pe-forated, as before,  

with hole3 0; a g t w n  diameter and having d i f f s r e n t  percentages of o p m  
area. W e  t e s t ed  twenty rad ia t ion-sh ie ld  samples of 0.00025-inch th i ck  

cr inkled polyes te r  f i lm,  aluminized on one s i d e  (Table 11-1, System I). 

Each of the samples had a uniform pa t t e rn  of 1/8-inch-diameter perfora- 

t i o n s ,  but some contained 1.2291, of open area: o the r s ,  2.40Xe and others, 

5%. 

optimum thickness: the heat flw mec-.urements obtained f o r  each of these 

thicknesses were then compared. 

Each sample wrq t es ted  at  sevzxal p l a t e  separat ions t o  determine i t a  

The r e s u l t s  of these tests appear tn Figure 11-15, w h e r e  heat 

f l u x  is p lo t t ed  as a funct ion of amun t  of operl area. 
e a r l i e r  reported data(’) f o r  per fora t ions  of the  same a i t e  i n  a n  insula- 

“con system containing 0.002-thick alumimm rad ia t ion  sh ie lds .  

the cr inkled aluminized polyes te r  f i l m  system, the  heat flux increases  

d i r e c t l y  with the amunt  of open ar-s, agreeing both wi th  theorezical  

p red ic t ions  and w i t h  t he  data of the  previously t e s t ed  eyetern. 

however, t h a t  the per fora t ions  i n  the samples of cr inkled aluminized 

polyes te r  f i l m  ham a much smaller e f f e c t  QII the  heat f l u  through the 

system than do similar p e r f o r m t i o r e  ( i , e , ,  the  same hole size and amour+- 

of sp in  area) in the eamples containing aluminum elloy and screening. 

The hea t  f lux  chrough the former increased by l e a s  than 20% while the  

heat flux through the lat ter increased by more then 153%. 

be a r e s u l t  of the more random arrangement of holes  cau,sed by c r in l  ling 

of the  film. 

Also shown are 

For 

It appears,  

This may 

7. Insu la t ion  Tank Prwram Support 

a. Burtilayer Insu la t ion  System 

4 sample of an in su la t ion  system was t e s t ed  i n  support of the 

Insulated Tank Prograu of t h i s  con t r ac t .  The sample is described i n  

Table 11-1 as System VII. 
11-20, ind ica te  an optimum spacing of about 17 r ad ie t ion  sh ie lds  p e r  

incn. under tha t  condition, the heat f l u x  is approximately 0.22 B t d h r - f t  . 
This is cvnois tent  with r e s u l t s  obtained i n  Teat 11-1-A of t k a  InsulPtdd 

The r e s u l t s  of t h i s  test, given i n  Table 

2 
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Ten Radiation Shields of 1 l4!j-H19 Aluminum Alloy 
a d  Eleven Sprcers of 1/8 x 1/8-Ix~h M e a .  nie 
Radiation Shields were Perforated with 1/8-lnch 
Mameter Holes, ' Ik  = -S20°F. h t a  from R e p i t  / // 

P /// \ 
- 3/#' 

;/- I 

p No. 65008-00-04. 

0 
0 

0' 
0 

/* 

I lkenty Radiatton Welds of Crinkied, 
Alwninized hlyeser 31m Rerforrrted 
with 1/8-t.. Mameter Holes 
Tc = -42PF (Syetem I) 

I 

0 1 2 3 4 5 

Amcunt Open :,rea 

FIGURE 11- 15 EFFECT OF PERFORA?:ONS ON THE HEAT 
FLUX THROIKX A MULTILAYER INSULA- 
T O N  (LWSTEM I) 
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Tank Program: rare d e t a i l  is  g i w n  i n  the discuaaion of that t e a t  i n  

P a r t  I11 of t h i s  r epor t .  

b. - Comfoaite Insu la t ion  Systea - 
Tests were conducted, i n  support of the  Insulated Tank Program, 

on a sample of a composite i n su la t ion  aystem. The srmple consisted of 

a foam and a mult i layer  i u8 l ;h t ion  arranged OP rham it Figure 11-16. 

The fouo i s  similar t o  **.at of test 5 Derfomed on tank c a l o r h t e r  

number 1 during June aild is i den t i f i ed  as Rigid One-Shot Faam No. 1. 

The mul t i l aye r  coeponent of the  s q l e  cotmisted of five rad ia t ion  

rhie'.de of 0.002-inch th ick  ll45-Hl9 aluminum and 6 spacers of 0.020- 

inch th ick  vinyl-coated g l a r r  f i b e r  screen, 118 x 1 / 8  inch mesh. 

this ae r i e s  the foam vaa successively te8ted: (l? alone, (2) bonded to 

In 

the  cold-plate ,  and then (3) in the  foam-multilayer combination. 

Table 11-21 rhovs the  r e s u l t s  of these t e a t .  It 8180 e'icIyr the r e s u l t s  

of earlier teste oa a similar mult i layer  i n su la t ion  suiple. 
thermal conductivity of the  foam syatem waa 0.11 Btu-ia/hr-ft2-%, 

The test of the caaposi te  syrtem, hsruever, produced inconclurive r e s u l t a .  

It is expected that tbe  heat flux through the c q o s i t e  system vould 

be less than that meamured througb either cocPponent taken alone. 

t he  results rhvv S h t  the  heat f l u x  through the c q o r i t c  ryrtem was 

approximately 40 times grea te r  than the heat f l u x  through the mult i layer  

inaula t ion  system. 

the sample contr ibutad by outgarsiqg of the iorim: 

increase the gas sondtfction through the mult i layer  inouls t ion .  

ae rmed  that the p r e s e w e  in the  srmplc-chamber, althcugh rot nreaaured 

during the t e a t  because oi malfunctioning of the presaure rensor ,  uas 

high because eubsequent pressure measurement of the gas i n  the  chrmbct 

contciniry t h i s  e q l e  were two orders  of mmgnitude higher than normally 

encountered. 

proper t ies  of the a d t i l a y e r  i n a d a t i o n  t o  produce the above r e s u l t .  

Thc 

Hmmver, 

This umy have been a r e s u l t  of high gas preaaure in 
t h i s  condi t ion would 

We 

An increase i n  ?resrure  would degrade the  ineula t ing  

c .  Foam Insu la t ion  slatem 

Teats  were conducted on a Freon-blown polyether foam i n su la t ion  

aample, approximateA 

tbe face8 of the r q l e  were parallel t o  each other but  exhibi ted a 

.51-inch thick and 12 inches in diameter; 
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Rigid One-Shot Foam 

M c e s  Glued 

Annulus 6-1/8” ID x 6-518“ OD 
in Aluminum Plate 

umiawn Platt 

I/&” 

% ’ L h e r m m l e s  

Multilayer Insulation: 
5 Radiation Shields of 1145 -H19 Almninum @ ,002- I I I ~ A  Thick and 
6 Spacers of Vinyl Coated Glass Fiber Screen 1/8 x I/$-Inch 
Meah x 0.020-kh Thick. 
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s l i g h t  waviness 

than 48 hours p r i o r  tc  t e s t i n g  

measured under ioad condi t ions of 5 ,  10, 15, 20 and 25 psi. The r e s u l t s  

of these t e a t s  (see Table 11-22 and Figure 11-17) s h m  t h a t  a t  15, 20 

and 25 psi 
f o r  smaller loads the heat  f l u x  vas considerably lower, 
inhica te  the presence of a high contact  r e s i s t ance  a t  the in t e r f aces  

of the sample and the warm- and cold-plates  of the apparatus; the high 

contact  resistance decreases with loading, 

conductivity of t h i s  sample ws 0.09 Btu-in/hr-ft2-*. 

The sample vas exposed t o  the vacuum system f o r  -re 

The heat  f l u x  through the s q l e  vas 

rhe heat  f l ux  through the  system w a s  constant bu t  that 

These da ta  

The mcaeured thermal 

8. Miscellaneous Tests 

a Multilayer Inaulat ion Saq le  3Pmaged by Hetemoid-Bumper 

Dtbrie 

Tests were performed on a aample (2041) of mul t i layer  i n su la t ion  
. that had been damaged by meteoroid-bi-xuper deb r i s  a t  hypervelocity 

impact range a t  H C G i l l  Universi:y.(') 

materials described as Syutem VI1 i n  Table 11-1. 

f i v e  aluminum rad ia t ion  ahieldR; two of which wre perforated to a 
slight degree wi th  -11 holes by t h ?  debr i s ,  the remin ing  three were 
not  punctured. 

where, (4) 
2042) :vas a l s o  t e s t ed .  

The aampie consis ted of f i v e  

The rample cmta ined  

The damrge t o  the s a - > l e  i e  describad i n  d e t a i l  else- 

An undamaged cont ro l  sample of i d e n t i c a l  wsterials (sample 

The re .sul ts  of these  tests (aee Table 11-23 a d  Figure 11-18) ehaw 
t h a t  there  i a  only a small d i f fe rence  between the heat f l u x  of the  

tert s a q l e  and the cont ro l  sample, ind ica t ing  t h a t  the  thermal proper t ies  

of t h i s  i n su la t ion  sample were not a i@f icaa t ly  degraded by the bumper- 

dzbria  damage. 

b. Test8 on a Rigtd Samplc: 

Teste were performed on a sample cR rl.gid pn tao l i c  laminate 
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FIGURE II-i'7 EFFECTOFCONTACTRESSTANCEONTHE 
MEASURED HEAT FLUX THROUGH A FOAM 
INSULATION (SYSTEM XVIII) 
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Materials: 

, 5 Radiation Shields of 1145-0 Aluminum 
6 Spacers of Vinyl Coated Glass Fiber Screen 
1/8 x 1/8 Inch Mesh (System VII) 
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. A Meteoroid-Bumper Debris 

10 14 18 22 26 :0 

Radiation Shields Per Inch 

FIGURE II- 18 EFFECT OF METEORODBUMPER DEERIS ON 
HEAT FLUX THROUGH A MULTILAYER IN- 
SULATION 
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(FED SPEC, HH-P-256-2, Grade EL) ,  

used for instrument supports at cr:*ogenic tenperatures. Tests were 

performed with the cold side at - 4 2 3 9  arid the warm aide at -320%. 

This material is a black linen Lamicoid 

Considerable difficulty was encountered in the attempt to obtain 
a uniform, low contact resistance between the sample and the warm- 

and cold-plates of the apparatus because of the rigidity of the l-inch 

thick sample and possible warpage at the cold temperatures. 

cold- and warn-plate interfaces were treated unsuccer fully with a 

variety of organic and silicone compounds in an attempt to reduce the 

contact resistance. By sandwiching the sample between layers of soft 
resilient materials, such as felt and sheet rubber, mare reasonable 

results were obtained. However, none of the testa were repeatable, 
and the mewured thermal conductivity was between 0.1 and 0.5 Btu-in/ 

hr-ft2OoF. Tine results of tests on o rigid sample are sham in Tsble 

The sample 

11-24. 

Because contact resistance was the controlling variable, the 

highest value measured would approach the actual thermal properties. 

A more satisfactoiy way to test a rigid sample of this type would be 
to bond the sample to the apparatus at its cold  surfaces. 
do this, an adhesive would have to be found that will bond at cryogenic 
temperatures, has a relatively h!.gh thermal conductivity, and will be 
removable after 

However, to 

keuts without damaghg :he apparatus. 
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A. Sumnary 

This r epor t  summarizes the  work ca r r i ed  out  by Arthur D. L i t t l e ,  Inc. 

under Contract NAS3-4181 t o  develop and measure the  thermal performance 

of mul t i - layer  i n su la t ion  systemo. This is a cont inuat ion of the  

Insu la ted  Tank Program e f f o r t  i n i t i a t e d  i n  February 1963 under 

Contract NASw-615. 

P urpo s e 

The purpose of t h i s  study was: (1) t o  s e l e c t  i n su la t ion  materials 

which were expected t o  y i e l d  improved performances of mult i - layer  

i n su la t ion  systems; (2) t o  design and f a b r i c a t e  mult i - layer  i n su la t ion  

systems, apply them t o  calor imeter  tanks, and measure and eva lua te  

t h q i r  thermal performance using l i qu id  hydrogen or l i q u i d  n i t rogen  i n  

a simulated space environment;. and (3) t o  develop p r a c t i c a l  methods of 
applying in su la t ion  t o  vehicle- type tanks and achieva the  optimum thermal 

performance f o r  t he  least weight of insu la t ion .  

ScoDe 

Including t w o  systems of t he  previous program, we have designed, 

fabr ica ted ,  and t e s t ed  a to ta l  of seven mult i - layer  i n su la t ion  systems, 

one being a composite system cons is t ing  of a foam s u b s t r a t e  i n  addi t ion  

t o  the  mult i - layer  concept, 

Table 111-1, 
measured i n  a test chamber which s h a l a t e d  the  vacuum and a por t ion  of 
the radiation spectrum found in the space environmetit. To simulate 

ground-hold conditioiis, t e s t s  were a l s o  made of i n su la t ion  systems when 

contained i n  vacuum and helium purge environments. A group of f i f t e e n  

experimental test s e r i e s  was  conducted using the  two t e s t  ca lor imeters  

and t e s t  chamber f ab r i ca t ed  under the  previous cont rac t .  

Each system t e s t ed  is described i n  

The thermal performance of each in su la t ion  system was 

A sumnary of the  hea t  f luxes  measured f o r  each in su la t ion  system 

under the  various environmsntal condi t ions are presented i n  Table 111-2. 

Comments and Conclunions 

Our carments and conclusions -0ncerning the  experimental e f f o r t  

conducted under t h i s  program a r e a s  r d l o w s :  
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1. F i f t e e n  experimental t e s t  s e r i e s  were c a r r i e d  out on 

mult i - layer  i n su la t ions  attached t o  calor imetsr  tanks containing l i q u i d  

hydrogen or nitrogen. 

was 0.38 Btu/hr-f t  

with 1/8 x 1/8-inch mesh vinyl  coated Flberglas  screen. 

a l s o  the highest  weight i n su la t ion  with a shield-spacer u n i t  weight of 

0.044 Ibs / f t2 .  

2 

The lowest hea t  f l u x  measured on any in su la t ion  
2 f o r  a 5-aluminum s h i e l d  ( 2  m i l  sheet  aluminum) spaced 

This system was 

The l i g h t e s t  i n su la t ion  had a shield-spacer  u n i t  weight of 

0.0045 l b s / f t  . 
on both s i d e s ,  0.25 m i l  thick) with nylon n e t  spacers.  

t he  poorest  i n su la t ing  c h a r a c t e r i s t i c s  and heat  leaks of about 1.1 Btu/hr-ft  

were measured. However, the very low weight of t h i s  system gave i t  t h e  

lowest (K p )  value of any insu la t ion  tes ted,  i . e , ,  a value of 

0.00072 Btu- in .  - lb/hr- f t5-'F. 

This was a f i v e  s h i e l d  (aluminized polyester  f i lm,  coated 

This system had 
2 

2. The heat  f luxes obtained with t h e  mult i - layer  i n su la t ions  are 
about 5 per  cent  higher when using l i q u i d  hydrogen as t h e  test f l u i d  

canpared t o  l i qu id  nitrogen. 

t h e  former case is 100% grea te r  than i n  the l a t te r  case. 
would t h e o r e t i c a l l y  produce a 1 / 2  pe r  cent  increase i n  the  hea t  f l u x  i f  

t he  f l u x  was due only t o  r ad ia t ion  heat  t r ans fe r .  The observed increase 

i n  f l u x  is a t t r i b u t e d  i n  g r e a t  p a r t  t o  t he  presence of a s o l i d  conduction 

brought about by physical contact  of t h e  s h i e l d s  and spacers. 

The d i f f e r e n t i a l  temperature &cross the  in su la t ion  system i n  

This increase 

3. Heat flux values measured on the  upper ha l f  of t h e  calorimeter 

tank have invariably been l a rge r  than those on t h e  lower ha l f .  

be l i eve  is  due t o  the  manner of support and t h e  e f f e c t  of gravi ty .  

multi- layer i n su la t ion  systems f ab r i ca t ed  during t h e  course of t h i s  study 

were e s s e n t i a l l y  hung on the calor imeter  tanks. 

completely enfolded the tank and received its support frrn the  top of 
t he  tank r a t h e r  than by pins,  snap-ons, and other  means of attachments 

d i s t r i b u t e d  throughout t he  insulat ion.  This means of support produces 

a mechanical load i n  the  top of t he  in su la t ion  and increases  t h e - h e a t  

leak. 

and lessened during a "no-g" o r b i t i n g  state. 

This we 
The 

That is, each layer 

These e f f e c t s  may be accentuated during a l i f t - o f f  acce le ra t ion  

1x1- 2 



4. The n e t  heat  to  the  calor imeter  tank, during simulatiort of 

the  thermal t r ans i en t  t h a t  takes  p lace  on enter ing ~ o a c e ,  is g r e a t e r  

(by more than a f a c t o r  of two) f o r  helium thaa f o r  ni t rogen when these  

gases  a r e  used previously t o  purge the  insu la t ion .  

t he  ni t rogen gas pressure  i n  the mul t i - layer  decreases more r ap id ly  than 

the  helium gas pressure. The probable cause of the d i f f e r e n t  e f f e c t s  is 

the higher degree of ni t rogen sur face  absorpt ion taking p lace  a s  t he  

mult i - layer  cools  compared t o  helium absorption. This  e f f e c t  is expected 

t o  become more pronounced as the  number of sh i e lds  is increased. 

This ind ica tes  t h a t  

5. 
minimum of 1000 m i l e s  by commercial t ruck  carriers. 
any s igns  of mechanical f a i l u r e .  Measurements made p r i o r  t o  and a t  the  

end of 500 m i l e  t r i p s  showed that no changes i n  the thermal performance 

of the  systems had taken p lace  during shipment. 

Two mult i - layer  i n su la t ion  systems were each t ransported a 
Neither system showed 

6. If the  thermal expansion c o e f f i c i e n t  f o r  sh i e lds  and spacers  

is l a rge ,  a s i g n i f i c a n t  d e t e r i o r a t i o n  i n  the  thermal performance of t he  

mult i - layer  can occur. I n  the  case where ,he sh i e lds  and spacers  l aye r s  

are made continuous around t h e  vessel, thermal cont rac t ions  i n  these  

layers  w i l l  introduce a pressure  on the  layers  below and thus increase 

the  s o l i d  conduction heat  f l u x  Where each layer  is made up in segments, 

gaps may form a t  the  j o i n t s  and increase the  r ad ia t ion  f lux .  I n  c e r t a i n  

in su la t ion  configurat ions,  such as thesshingle  method of attachment, the  
effect of thermal contraction in the shields and spacers  can be e a s i l y  

minimized. 

7. No unforeseen problems arose  i n  f ab r i ca t ion  of mult i - layer  

i n su la t ions  t o  the  calor imeter  tanks.  Application of sh i e lds  one-at-a-time 

t o  a tank, with extreme care t o  prevent thermal sho r t s ,  is a time-consuming 

job. Sign i f i can t  improvements i n  cu t t i ng ,  f ab r i ca t ion  and r e p a i r  

techniques such a s  the  app l i ca t ion  of i n su la t ion  blankets  appear f e a s i b l e  

i n  terms of both mechanical and thermal performance of such systems. 

8 .  A Fiberglas-reinforced,  polyurethane, c losed-ce l l ,  foam 
formed i n  p l ace  onto the  calor imeter  tank and sealed on the  outs ide  with 

a vapor b a r r i e r  was successfu l ly  tested a t  l i q u i d  hydrogen and ni t rogen 

temperatures in both space and ground environments. The 1/2 inch t h i c k  
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foam gave a heat  leak l e s s  t h a t  100 Btu/hr f t 2  i n  t y p i c a l  ground 

conditions. The foam system was subjected t o  l i q u i d  ni t rogen and hydrogen 

temperatures i n  a v a r i e t y  of ground and space simulation tests. 

did not become detached from the  tank or show any s igns of cracking o r  

cryopumping of t he  atmosphere. 

mult i - layer  i n su la t ion  and t e s t e d  i n  the space environment, it produced 

no e f f e c t  on t he  performance of the mult i - layer  insulat ion.  The system 

and the app l i ca t ion  approach have a s t rong p o t e n t i a l  f o r  app l i ca t ion  to  

space tanks. 

The foam 

When t h e  foam was combined with a 

9. A penetrat ion placed within the  mult i - layer  i n su la t ion  

,increased the heat  leak t o  a g r e a t e r  degree than predicted from theory; 

measured temperature gradients  were i n  accord with those predicted.  No 

explanation has s a t i s f a c t o r i l y  explained t h e  heat  flux discrepancy f o r  

this s i n g l e  tes t .  

10, Aluminum bonded t o  Mylar f i l m  i s  s e n s i t i v e  t o  mechan-cal 

abrasion and may detach. 

t h i s  ref  l e c t o r  mater ia l ,  

Also, water has a very de le t e r ious  e f f e c t  on 

Recommendat ions 

1. The cu r ren t  s tud ie s  performed with the emissometer and 

thermal conductivity apparatus i n d i c a t e  that sh ie lds  and spacers with 

improved thermal and weight performance are rea l i zab le .  

experimental s tud ie s  of these materials should be  performed with t h e  

tank c a l o r  imeterc . 
2. 

F i n a l  

We have cu r ren t ly  successful ly  s tudied several  techniques f c r  

These have included con t ro l l i ng  the  heat  f l ux  i n  the  ground environm!nt. 

foam subs t r a t e ,  helium aiid vacuum purged mult i - layers  and helium purge 

shroud. 

those i n  which a purge space is  provided between the  mult i - layer  and 

the  tank, 

tank i n  the  ground environment and of bypassing around the  mult i - layer  

any gas t h a t  leaks through the  propel lant  tank walls i n  the space 

environment . 

Techniques which appear f r u i t f u l  f o r  f u r t h e r  i nves t iga t ion  are 

These techniques provide a means of i n su la t ing  the propel lant  
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3. The e f f e c t  df per fora t ions  on the  r ad ia t ion  heat  f l u x  has 

been s tudied a n a l y t i c a l l y  and experimentally with the thermal conduct ivi ty  

apparatus. 

.*s i n  the  mult i - layer  i s  being vented,should be s tudied f u r t h e r  i n  both 

ti = l a t  p l a t e  and tank calor imeters .  I n  the  tank s tud ie s ,  helium gas 

l e a u  of predetermined rates within the  mul t i - layer  and simulated pressure  

t r ans i en t s  would e s t a b l i s h  the thermal performance of the  in su la t ion  under 

simulated boost and space condit'ions. 

The e f f e c t  of these per fora t ions  on the  heat  f lux,  when trapped 

4. The cur ren t  insu la ted  tank s tud ie s  indicated that a ni t rogen 

purge g a s  produced a lower in tegra ted  h b t  leak during a simulated boost 

t r a n s i e n t  than did helium. Addit ional  t e s t i n g  wi th  the  tank calor imeter  

is required t o  confirm t h i s  e f f e c t .  

e s t a b l i s h  its nature .  

Other tes ts  may be required t o  

5 .  The insu la t ion  on every space vehicle ,  cryogenic propel lan t  

tank w i l l  contain l i n e s ,  supports, and wiring that w i l l  pene t ra te  t he  

insu la t ion .  In the  cur ren t  work, t he  s tud ie s  i n  this area were l imi ted  

and inconclusive. Greater emphasis i n  any f u t u r e  experimental s tud ie s  

should be  placed on the  p r a c t i c a l  methods of in te r rupt ing  the  tank sur face  

insu la t ion  and on insu la t ing  the  pene t ra t ions  t o  minimize the  n e t  heat  

flow t o  the  propel lan t  tank. 

6. Our cur ren t  program has not included any s tud ie s  i n  cons ide ra t ion  

of t he  permanent e f f e c t s  t h a t  vibra: ion, acce le ra t ion ,  and accous t ic  

environments have on the thermal perf 3nnasice of multi-layez insu la t ions .  

Tha d u r a b i l i t y  and performance of any vehic le  caaponent i n  
these  environments is important t o  the  proper funct ioning of any space 

vehicle. As space vehic le  components, therefore ,  mult i - layer  insu la t ion6  

must be evaluated i n  a l l  the poss ib l e  envimnments. We a r e  aware t h a t  

experimental work i n  t h i s  a r e a  is i n  progress under o ther  goverment  

cont rac ts .  Such work should be continued and augmented whenever the  

development of space insu la t ions  a r e  undertaken. 

7. The p o t e n t i a l  f o r  destroying e i t h e r  wholly or i n  p a r t ,  of a 

mult i - layer  i n su la t ion  on a propel lan t  tank during its h i s to ry  p r i o r  t o  

launch is  s i g n i f i c a n t .  Therefore, t he  time t o  apply, reapply, o r  repair 

any in su la t ion  oystem w i l l  become an important conuideration i n  the  
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maintenance of schedules and the  manner of handling and operating the 

s t ages  a t  every s t e p  of the way. We bel ieve,  therefore ,  that s t rong 

incent ives  e x i s t  t h a t  warrant t h e  development of pre-fabricated 

in su la t ions  which combine high thermal performance with ease and speed 

of app l i ca t ion  and maintenance. This approach should be emphasized i n  

any new multi-layer i n su la t ion  s tudies .  

B. Introduction 

The heat  flow i n t o  the cryogenic p rope l l an t s  c a r r i e d  i n  space 7 eh ic l e s  

has an important e f f e c t  on the  q u a n t i t i e s  l o s t  through vaporization, on 

the  tank pressure limits, and on the  u t i l i z a t i o n  of t he  propel lants .  

heat flow t o  the propellcints varies as the  veh ic l e  changes i t s  environment, 

s t a r t i n g  i n  the  e a r t h ’ s  atmosphere and ending i n  t h e  vacua of space. I n  

a l l  environments, t he  heat flow t o  oxygen and, p a r t i c u l a r l y ,  t o  hydrogen 

p rope l l an t s  must be l imited and regulated i n  order t o  make the  mission 

f e a s i b l e  and p r a c t i c a l .  

The 

The means of l imi t ing  t h e  heat  flow i n  a l l  t he  environments through 

the  use of mult i - layer  i i isulations sepa re t e ly  and i n  combination with 

other  i n su la t ing  media has received considerable a t t e n t i o n  end study. 

The s tudies ,  both a n a l y t i c a l  and experimental, have d e e f t  s epa ra t e ly  

with the performance of the in su la t ing  media and environments. 

become increasingly necessary, however, t o  i n t e g r a t e  in su la t ion  

performance with the wide range and changing conditions of t h e  

environments. 

t o  perform a p a r t  of t h i s  integr .  

t he  thermal performance and s u i t a b i l i t y  of s eve ra l  i n su la t ing  media 

and techniques for moderating t h e  heat  flow t o  l i qu id  hydrogen propel lant  

tanks under space and ground hold conditions.  

performed through t h e  use of calorimeter tanks. 

C. Experimental Equipment and Procedures 

It has 

The program described i n  t h i s  s ec t ion  has been an attempt 

;on. We have measured and evaluated 

This work has been 

1. Tank Calorimeter 

The calorLyeter is a v e r t i c a l  c y l i n d r i c a l  vessel, 48 inches i n  

diameter and 26 inches deep, having t o r i s p h e r i c a l  heads. The vesse l  was 

f ab r i ca t ed  ‘from l/4-inch thick,  oxygen-free, annealed copper because i t s  

111-6 



high thermal conductivity pranotes isothermal- temperature conditions i n  

the cold boundary over wide ranges of l i q u i d  ba th  l e v e l  and inculat ion 

heat f l ux  levels. 
30 p s i  above the external pressure and E maxhlrm ex te rna l  working 

pressure 15 p s i  above the i n t e r n a l  pressure.  

fran a support f lange by a %inch, schedule 5 ,  type 306 s t a i n l e s s  steel 

pipe that alsc, acts as t he  tank vent. The 24-inch diameter support 

flange is  mounted i n t o  the top of t he  vacuum chamber with b o l t s  and 

O-ring sea l .  

Contract NASw-615. 

The vessel had a maximum i n t e r n a l  working pressure 

The tank is supported 

Additional d e t a i l a  can be found i n  oxr f i n a l  report  on 

2. Cambridge T e s t  F a c i l i t i e s  
The Arthur D. L i t t l e ,  Inc., f a c i l i t i e s  located a t  Cambrtdge, 

Nassachusetts, uerts used t o  conduct the l a r g e s t  po r t ion  of our test 

program. These f a c i l i t i e s  were limited t o  the use of liquici ni t rogen 

test f luid.  They consisted of a f ive-foot  diameter vacuuo chamber, 

500-gallon l i qu id  nitrogen supply tank, vacum pumpiag system, cold 

guard and b a f f l e  supply systems, and t h e  calorimeter vent gas m a s u r i n g  

system. 

Iluriag the  space simulation tests, t he  calorimeter and its 

insulat ion system w e r e  i n s t a l l e d  i n  t h e  f ive-foot  vacuum chamber in 

the posi t ion shown i n  Figure 111-U. 

baff les ;  one located i n  the upper half and t h e  other  i n  the  lwer half 

of the chamber. Each can be independently maintained a t  l iquid  nitrogen 

or  water temperature through the use of an external supply system 

The chamber contains  tu0 i n t e r i o r  

The chaml-r and i t s  associated systems are shown i n  Figure 111-1B. 
The calorimeter is f i l l e d  from a NO-gallon l i q u i d  ni t rogen supply tank. 

This supply tank also provides t h e  feed f o r  t he  cold guard and chamber 

b a f f l e s  when they are operated a t  liquici ni t rogen temperatures. This 
is accanplished through use of a g rav i ty  tank-which is elevated above 

the chamber. 

feed l i n e  f o r  the b a f f l e s  and c d d  guard. The b a f f l e s  vent t o  t h e  

gravi ty  tank ul lage space whila the cold guard vents t o  atmcsphere 

through a heat  exchanger. 

water system when they are t o  be maintained a t  netr  room temperature. 

The tank support is a 4-inch column which a l s o  serves  as 

The b a f f l e s  can also be connected t o  the  local 
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The chamber is evacuated through use of a 4-inch o i l  d i f fus ion  
- 5  pump and a mechanical f o r e  pump. This  system can achieve 10 am Hg 

pressure  with a clean and out gassed system i n  less than one day. A 
longer period of up to  severa l  days has been required t o  achieve t h i s  

same vacuum with new insu la t ion  systems. The in su la t ion  systems were 

genera l ly  tes ted  with chamber operat ing vacuums i n  the  range of 10'' t o  
-6 

mm Hg. Occasionally on long run tests, vacuums below 10 um Hg 
.were achieved. 

The boi l -off  gases  vented from the  calor imeter  were brought t o  

rom temperature i n  an air-warmed hea t  exchanger. 

volumetr ical ly  i n  dry type, p o s i t i v e  displacement meters and v e r t i c a l  t o  

t h e  atmosphere. 

The gases  were measured 

3. NASA/Lewis Plum Brook Facili t ies 
The facilities at tha.NASA/Lewis Research Center, at the Plum Brook 

S t a t i o n  i n  Sandusky, Ohio, were used t o  conduct t he  l i qu id  hydrogen 

por t ion  of t he  in su la t ion  tests performed under t h i s  cont rac t .  The test 

calor imeter  was i n s t a l l e d  i n  the  high vacuum c-er of t he  5-3 f a c i l i t y  

to  s imulate  a hi&-al t i tude environmental t e s t  of t h e  seve ra l  f o i l  

i n su la t ion  systems, and i n  the atmospheric exposure of t he  5-4 f a c i l i t y  

f o r  t he  ground eaudi t ion  test of t he  helium purge bag and faam insulaticm 

systems. Using these  f a c i l i t i e s ,  which are equipped f o r  handling l i q u i d  

hydrogen and are cont ro l led  remotely from console s t a t i o n s ,  we  were ab le  

t o  perform tests wi th  l i qu id  hydrogen and thereby supplement t he  da t a  

that w a s  obtained using ni t rogen  a t  the  ADL f a c i l i t i e s  i n  Cambridge. 

The vacum chamber which is a p a r t  of the 5-3 f a c i l i t y  has 
a p p r c x h t e l y  the  same dimensions as the  A. D. L i t t l e ,  chamber. Also, 

t he  tpper  b a f f l e  is s imi la r .  However, there  is no b a f f l e  i n  the  lower 

por t ion  of the  chamber. Instead the  chamber i s  jacketed i n  t h i s  area. 

Both the  b a f f l e  and jacke t  can be supplied idependen t ly  with e i t h e r  

l i q u l d  ni t rogen o r  water f o r  temperature con t ro l  of the  sur faces  facing 

the  calor imeter  insula2ions. 

The 5-3 and J -4  f a c i l i t i e s  a r e  serviced by a por tab le  l i qu id  

hydrogen dewar and a s t a t iona ry  l iqu id  ni t rogen dewar, each having about 

7000 ga l lons  capaci ty  and connected t o  the f a c i l i t i e s  through a camnon 
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piping system t h a t  suppl ies  the required cryogen to  the calor imeter  

tank and cold guard c o i l  and t o  the  upper b a f f l e  and lower j acke t  on 

the  in s ide  of the vacuum chamber. The lstter are a l s o  served with cold 

o r  heated water so that the  temperature surrounding the  calor imeter  

may be held a t  -320% and from 40% t o  above 100%. 
cons i s t s  of a 20" CVC d i f fus ion  pump, equipped w i t h  a l i q u i d  ni t rogen 

cold t r a p  con t ro l l ed  by a Johns &Frame uJ2 flow c o n t r o l l e r  and a 
Hodel 412H Stokes mechanical forepump having 300 c f m  capaci ty ,  and is 

capable of a t t a i n i n g  less than 10 x 

The vacuum system 

t o r r  absolute  pressure.  

4. I n s t r m e n t a t i o n  

The primary measurements made pe r iod ica l ly  during each test 

consis ted of the following: 

a. Calorimeter vent gas flow, temperature and pressuxe 

b. Vacuum chamber pressure 

c .  Local barometer 
d. Liquid l e v e l  capacitance gauge 

e. Temperatures i n  the  in su la t ion  system, on t h e  chamber b a f f l e s ,  

a t  the  calorimeter cold guard, of t h e  local environment, and 

o the r s  as required. 

A t  t he  Arthur D. L i t t l e ,  Inc. f a c i l i t y ,  a l l  temperatures and the  

barometer da t a  were recorded on s t r i p  cha r t s .  

a l l  the other  da t a  were manually recorded. 

a t  t he  Plum Brook f a c i l i t y .  

In addi t ion,  these and 

Similar procedures were used 

5. m s u r e d  Heat F l w  

We measured the  s h i e l d  temperature i n  each in su la t ion  system a t  

s e l e c t  locat ions.  Generally, t he  thermocouple sensors were located a t  
the  top, s ide,  and bot tau of areas of the tank which are i d e n t i f i e d  as 
the  A. B, and C locat ions respect ively.  These locat ions are shown i n  

Figure I I I - 1 C .  

locat ion,  i .e. ,  sensor 5B is located on s h i e l d  number f i v e  on the  

c y l i n d r i c a l  s ec t ion  of the tank. 
other  locat ions as i n  Insu la t ion  System No. 4. These locat ions are a l s o  

i d e n t i f i e d  by shield :lumber and area, i . e . ,  couple 5A3 is located on 
sh ie ld  number f i v e  i n  the region between the  A and B pos i t i ons .  
locat ions are given i n  add i t iona l  f i g u r e s  presanted i n  subsequent sect ions.  

The thermocouple i s  i d e n t i f i e d  by s h i e l d  number and area 

Thermocouples are sanetimes placed a t  

Exact 
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The thermal performance of t he  in su la t ion  system has been measured 

over i n t e r v a l s  of approximately 24 t o  100 hours. 

necessary t o  accept i n t e r v a l s  of sho r t e r  durat ion because of d i f f i c u l t i e s  

encountered w i t h  t he  f a c i l i t y  subsystems a f t e r  system temperature 

equilibrium had been achieved. During the  measurement i n t e r v a l ,  the  

u l l age  pressure  of t he  calorimeter var ied  d i r e c t l y  as t h e  barometric 

pressure ,  i .e.,  the  calor imeter  vented t o  the  atmosphere through a l o w  

pressure  drop system and no attempt was made to  con t ro l  t he  u l l age  pressure.  

energy i n  t h e  calorimeter system and 'as  vaporized l i qu id  vented from the  

calor imeter .  When no changes i n  the b a r m e t r i c  pressure  occur in  the  

measuring i n t e r v a l ,  t he  energy t ransmit ted through the insu la t ion  is 
evidenced pr imari ly  as vaporized l iquid.  

energy is s tored  i n  the  calor imeter  ul lage.  

Occasionally,  it was 

The hea t  passing through the in su la t ion  is r e f l e c t e d  a s  s tored  

An almost neg l ig ib l e  amount of 

When barmetric pressure  changes =cur during the i n t e r v a l ,  the 

system temperature increases  o r  decreases d i r e c t l y  with t h i s  pressure.  

An increase  i n  system temperature r e s u l t s  in  hea t  s to rage  i n  the  calor imeter  

tank metal, and the  l i qu id  and gas masses. 

r e s u l t s  i n  a hea t  re lease .  

thermodynamic system which canprises  the  calor imeter  and its con te r ' y  

are also re f l ec t ed  as system energies. 

A decrease i.L temperature 

Barometric changes which do work on the  

In  Appendix A, a thermodynamic ana lys i s  of t he  calor imeter  system 

is presented and the  magnitude of the  var ious energy e f f e c t s  are evaluated. 

The ana lys i s  r e s u l t s  i nd ica t e  t h a t  f o r  t h e  condi t ions under which our 

measurements were made, only two e f f e c t s  need be considered when eva lua t ing  

the  in su la t ion  heat  flow. 

vented gas mass and the  second f ac to r  is the  l i q u i d  mass heat s torage  

e f f e c t .  

The f i r s t  and s o s t  s ign i f i can t  f a c t o r  is the  

The t o t a l  heat  rate is cauputed from the  c o t a l  vaporized l i qu id  

mass vented i n  the  da t a  i n t e r v a l  and the l a t e n t  hea t  of vaporizat ioa of 

cryogen. 

of the  calor imeter  vent gas stream and i ts  temperature acd pressure  a t  

the metering point .  

The gas mass is computed from the  in tegra ted  volume measurement 

This measured heat  flow is corrected for  heat  s torage  o r  heat  

r e l ease  i n  the  calor imeter  l i qu id  as follows: The average mass of the  
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l i qu id  i n  cha tank during the  da ta  i n t e r v a l  is es tab l i shed  from the  

l iqu id- leve l  measureumt, tank-volume ca l ib ra t ion ,  and l i q u i d  densi ty .  

The increase, o r  decrease i n  the  sa tu ra t ion  temperature of the  bulk l i qu id  

a t  the end of t h e  da ta  i n t e r v a l  a s  campared t o  t h a t  a t  the  beginning and 
is deteroii ed from t h e  change i n  the  calor imeter  u l lage  pressure.  

is a fur 2’ ,on both of the  loca l  barometric pressure and the  pressure lo s s  

i n  tke  v * a t  system. 

l i qv id  spF:cific heat  a t  sa tu ra t ion ,  t h e  t o t a l  heat energy s tored  o r  

re leased cturing the  da ta  in t e rva l  was computed and converted i n t o  an 

hourly r a t e .  

heat flow determined f r a n  the calor imeter  bo i l -of f ;  a release of heat 

duri- t k  data  i n t e r v a l  was subtracted.  

This 

From the change i n  t h e  bulk temperature and the  

Any heat  s tored  during the da ta  in t e rva l  was added t o  t h e  

6. 1 , s t  Program 

We conducted f i f t e e n  test series with seven in su la t ion  systems; 

each series consis ted of a group of tests performed with one system t o  

measure the  thermal performance in one o r  more environments. 

p r inc ipa l  test environments are as follows: 

The 

a. 
b.  

Space vacuum and 3OO0K r ad ia t ion  i n  a l l  d i r ec t ions  

Space vacuum, 300% rad ia t ion  on one half of t h e  calor imeter  

and 77OK r ad ia t ion  on the  other  half  

c. Natura l  atmospheric environment 

d. Natural  curospheric environment with l i qu id  n i t rogen  

sprays on tha outs ide  of the insu la t ion  

Liquid ni t rogen was  the  p r inc ipa l  test f l u i d  used i n  the  

calcr imeter .  

and Plum Brook . f ac i l i t i e s .  

a t  Plum Brook. 

Tests with t h i s  f l u i d  were performed both a t  Cambridge 

A l l  work with l i qu id  hydrogen was performed 

O f  the seven i l , su la t ion  systems t e s t ed ,  two had been fabr ica ted  

under a previous -6.itract (NASw-615). A l l  systems except one contained 

f i v e  r ad ia t i c i  sh i e lds ,  The p r inc ipa l  cha rac t e r i s t i c s .o f  these systems 

a r e  summar!.,rd i n  Table 111-1. 
-he conditions under which each system was t e s t ed  and the  

perf xmance r e s u l t s  obtained a r e  grouped and summarized in  Table 111-2. 
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D. Experimental Resul ts  
In su la t ion  System No. 1 

a. Introduct ion 

I n  t h e  previous cont rac t  period (MSW-615), w e  appl ied the 

f i r s t  Inulti-layer i n su la t ion  t o  one of t h e  tank calor imeters .  

s u l a t i o n  consisted of f i v e  sh i e lds  of 2 m i l  t h i c k  aluminum and s i x  

spacers of 1 /8  x 1/8-inch mesh vinyl coated Fiberg las  screen. The 

cons is tan t  thermal performance of t h i s  i n su la t ion  i n  the f l a t  p l a t e  

calor imeter  led t o  i t s  se l ec t ion  as the  c a l i b r a t i n g  standard for the  

three f l a t  p l a t e  calor imeters  operated by Arthur D. Little, Inc. For 

the  same reasons t h i s  shield-spacer combination w a s  considered the  

bes t  choice fo r  evaluat ing the f a c t o r s  inf luencing t h e  system thermal 

perfonrvnce when t h e  i n su la t ion  geometry is r a d i c a l l y  altered f r a n  a 
f l a t  p l a t e  t o  a tank configuration. 

The in-  

b . Insu la t ion  Sys t e n t  

The construct ion d e t a i l s  of t h i s  i n su la t ion  system have been 

The p r inc ipa l  characteristics of the system 

The p a r t i a l l y  canpleted system 

previously reported.  

have been s m r i e e d  i n  Table 111-1. 
is shown i n  P u p r e  111-2. 

c. T e s t  Condition 

Tests 1-3 Ser ies  (Space Simulation 9 and 3) 
Tests were performed w i t h  both l i qu id  hydrogen and l i qu id  

ni t rogen test f l u i d s  a t  the  MSA/Plum Brook S+. tom.J-3 f a c i l i t y .  
The purpose of these tests w a s  t o  measure the  thermal f l u x  produced i n  

the  in su la t lons  by each of the  two cryogens when used i n  t h e  c a l o r i -  

meter tank, 

c a l i b r a t i o n  between the  3-3 f a c i l i t y  and the A. D. L i t t l e  f a c i l i t i e s  

a t  Cambridge through use of a s ing le  in su la t ion  system. 

were performed i n  t h e  chamber a t  5-3 with simulated space pressure 

and roan teuperatute  r ad ia t ion  source. 

t h e  1-3 test series and the  obtained data are presented i n  Table 111-3. 

A fu r the r  purpose of these tests w a s  to  obta in  a r e l a t i v e  

Nine tests 

These tests are iden t i f i ed  as 
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Tes t  1-6 Series (-pace Simulation W2) 
This  t e s t  series w a s  performed a t  t h e  A. D. L i t t l e  f a c i l i t i e s  

a t  Cambridge. 

where space pressure  and r ad ia t ion  source were simulated. 

of these tests was t o  obta in  hea t  f l u  measurements f o r  comparison 

with those obtaincd a t  5-3. The data are presented i n  Table 111-4. 

The tank calor imeter  was placed i n  the  vacuum chamber 

The purpose 

Test Series 1-7 (hunch  and Space Simulation) 

The 1-7 series of tests were performed sC the Cambridge test 

f a c i l i t y  using l i qu id  n i t rogen  as the test f l u i d .  Their  ob jec t ive  

was t o  determine the  e f f e c t  of helium and ni t rogen purge atmospheres 

on the thermal performance of mul t i - layer  i n su la t ions  iumediatedy 
a f t e r  reaching the  space environment, 

To provide a basis of comparison between the  two ?urge en- 

vironments, the chamher pressure  and calorimeter condi t ions were pro- 

gramed i n  each test 8s Sollows: 

Hold calor imeter  i n  se lec ted  gas environment a t  one 

atmosphere f o r  about th ree  days. 

Pump-dawn chamber-from 30 t o  0.1 inches Hg i n  one 
hour. 

Vacuum pump chamber w i i n  f o re  pump t o  25 micron 

pressure  l eve l .  

Vacuum pump chamber with d i f fus ion  pump to  one micron 

pressure  Level. 

Admit l i qu id  n i t rogen  t o  cold guard and achieve cold 

guard temperature equilibrium. 

F i l l  calor imeter  with l i q u i d  n i t rogen  over one-hour 

period. 7 

Monitor sh i e ld  temperatme, chamber pressure ,  and 

calor imeter  vent  gas rate u n t i l  pressure and hea t  

f l u x  equi l ibr ium is achieved. 

This test series consis ted of two tests. T e s t  I-7A w a s  
performed a f t e r  the in su la t ion  had been purged wi th  heliuiz gas. T e s t  

I-7B followed the  ni t rogen gas purge. 

i n  Tables 111-5 and 6 respect ively.  

The r e s u l t i n g  da ta  are presented 

The time v a r i a t i o n  of t he  chamber 
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pressure  and the  r e s u l t i n g  in su la t ion  hea t  flux are presented in 
Figure 111-4, 

d. Resul t s  and Discussion 

(1) Tests 

In  Table 111-3, t he  p r i n c i p a l  data obtained wi th  this 
i n su la t ion  system have been sumar ieed .  The typ ica l  temp2rature 
d i s t r i b u t i o n  wi th in  the  m u l t i - l a y e r  obtained for each test series is 

presented i n  Figure 111-3. The results obtained i n  December with 

l i q u i d  hydrogen and l i q u i d  ni t rogen test f l u i d s  a t  the 5-3 f a c i l i t y  

were approximately twice t h a t  obtained i n  Test 1-1 performed at 
Arthur D. L i t t l e ,  Inc., f a c i l i t i e s  a t  Cambridge. 

If one assumes t h a t  the  mode of heat  t r a n s f e r  i n  the  

mult i - layer  i n su la t ion  system is e n t i r e l y  by r ad ia t ion ,  then the  

hea t  flux i s  d i r e c t l y  dependent upon the  sh i e ld  emiss iv i ty  and on the  

boundary temperatures. Sopp et. a1.(*) r epor t s  t he  to ta l  h e d s p h e r i c  
emis s iv i ty  of 1145-H19 and 1100 aluminum at between .03 and .OS. For 

s ink  and source temperature of -320 and 80' respec t ive lv ,  a hea t  f l u x  

of .435 Btu/hr - f t  

lower emiss iv i ty  value. I n  t h i s  ca l cu la t ion ,  the  improvement i n  

emiss iv i ty  as sh ie ld  temperature is decreased is  no t  taken i n t o  account. 

Thus, t he  va lues  obtained experimentally i n  June, 1963, compared very  

w e l L  with the  experimental value (0.38 B t u / h r / f t  ). 

2 is ca lcu la ted  f o r  a f i v e  sh i e ld  system using the  

2 

The tests performed i n  December, 1963, a t  the 5-3 f a c i l -  

i t y  resu l ted  i n  heat  flux measurements that were genera l ly  twice those 

measured previously a t  ADL's f a c i l i t y .  For exauple, tests I-% and 

1-3 performed with l i q u i d  hydrogen r e su l t ed  i n  adjusted hea t  fluxes 

of .65 and .66 respec t ive ly .  
were a t  f i r s t  thought t o  r e s u l t  f r a n  t h e  erratic o p e r a t f m  of t h e  

l i qu id  hydrogen cold guard c i r c u i t .  

subsequently with l i qu id  n i t rogen  i n  the  cold guard wf.ich r e su l t ed  

i n  a n  ad jus ted  f lw of .74 Btu/hr/f  t . . 

2 These hrgh va lues  (compered t o  .38Btu/hr f t  ) 

Tsst I-3C was performed 

2 
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The presence of l i n e  connections between the high 

pressure helium purge system and the  calorimeter vent measuring system 
raised t h e  question t h a t  a leak between the two could produce a n  

apparently high bo i l -o f f  rate from which a high heat  f l u x  would be 

calculated.  A iiumber of these connections were removed and modified. 

Subsequently, tests I-3N1 and I-3N2 were performed with l i q u i d  n i t r o -  

gen i n  the tark and cold guard. 
, 6 3  respectively.  

This r e su l t ed  in fluxes of .61 and 

The next test, I-3D-1, was Fer f - rmd with l i q u i d  hydro- 
2 gen i n  the tank and guard. 

I n  view of the pievious smaller r e s u l t s  obtained with hydrogen, +ke 
vent  measirirg c i r c u i t  was inspected and found t o  con ta in  a high 

pressure gas tie. 

performed under the same conditions which gave adjusted heat  f luxes 

of .65 and .66 B t u / h r / f t  . These values were i d e n t i c a l  t o  those 

obtained i n  tests 1-3.4 and 1-38, 

This r e su l t ed  i n  a f l u x  of .72 Bt.it/hr/€t 

This was removed and tests I-SD-2 and 1-3D-3 were 

2 

T e s t  I-3D-4 w a s  performed with l i q u i d  hydrogen i n  the  

tank and l i q u i d  ni t rogen i n  the  cold guard c i r c u i t  t o  confirm the 

r e s u l t s  obtained i n  test I-3C under s i m i l s r  conditions. An adjusted 

heat  f l u x  of .67 was obtained. This value is  a l s o  cons i s t en t  with 

the previous four tests (I-=, 3, 3D-2 and 3D-3) performed with 

l i q u i d  hydrogen i n  the tank and cold guard. 

It w a s  q u i t e  evident t h a t  add i t iona l  checks were required 
Thus, t h e  calorimeter with t h e  in su la t ion  system with the ADL f a c i l i t y ,  

was re turned t o  Arthur D. L i t t l e ,  Inc., i n  Cambridge r a d  tests 1-6 and 

1-7 were performed giving r e s u l t s  cons i s t en t  w i th  those obtained a t  the  
J-3 f a c i l i t y  a t  Plum Brook s t a t i o n .  

r e s u l t s  obtained wi th  I n s u l a t i o n  System No. 1 are summarized i n  

Table 111-7. 

value obtained is i n  question. Therefore, t he  in su la t ion  system 
was c a r e f u l l y  dismantled t o  discover w h a t ,  i f  any, degradation 

;ad taken p l ace  during t r aaspor t a t ion  and the long s to rage  period 

a t  Plum Brook. The dismantled in su la t ion  indicated t h a t ,  indeed, 

degradation had taken place,  r e s u l t i n g  mainly from t h e  accumulation 

of water on the  i n s i d e  of t he  f i r s t  sh i e ld  system a t  t h e  bottom 

A l l  t h e  c a l i b r a t i o n  hea t  f l u x  

As can be  seen from t h i s  t ab le ,  t h e  f i r s t  experimental 
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which had caused corrosion of the aluminum f a i l  and subsequent degrada- 

t i o n  of the emiss iv i ty  w i t h  r e s u l t i n g  l o s s  i n  thermal performance of 
the system. 

An important purpose of the  test perfarmed a t  the  5-3 

f a c i l i t y  was t o  determine the  e f f e c t  of the  test f l u i d  on the insu la-  

t i o n  pe-fortnance. I n  an  evacuated mu1ti-lf.yer i n su la t ion ,  conduction 

and r a d i a t i o n  are the  two pr inc ipa l  modes by which hea t  is t ransfer red  

through the system i n  the  d i r e c t i o n  perpendicular t o  the  sh i e lds ,  The 

mode of t r a n s f e r  can be ascer ta ined  in two ways, Le. ,  (1) by measur- 
ing the temperature d i s t r i b u t i o n  i n  the  s h i e l d s  and, (2) by ccmpcring 

the  hea t  f l u x  obtained i n  tests performed both with l i q u i d  n i t rogen  

and l i q u i d  hydrogen, I f  hea t  t r a n s f e r  is s o l e l y  by r ad ia t ion ,  then 

the  sh i e lds  w i l l  assume temperatures which are l i n e a r  i n  T . Depar- 4 

t u r e  i n  the' temperature from the t h e o r e t i c a l  temperature d i s t r i b u t i o n  

is  an ind ica t ion  of t he  e f f e c t s  both of conduction and varying sh ie ld  

emissivi ty .  

the boundary temperatures without a l t e r i n g  the r a d i a t i v e  hea t  f lux.  

For example, by loweriq the tank t e q e r a t u r e  from - Z O O ,  when l i q u i d  

ni t rogen is used as the  test f l u i d ,  t o  -420°, which is t y p i c a l  f o r  

l i qu id  hydrogen, the  radiative hea t  flux is increased t h e o r e t i c a l l y  

by approximately one-half pe r  cent (warm boundary teuperature of 

540%). 

temperature, lowering the  tank temperature by about 100°F should 

increase any conductive heat  leak by approximately 25 per  cent. 

prompted our performing t e s t a  a t  both l i qu id  n i t rogen  and l i q u i d  

hydrogen temper-tures. It con be shown very r ead i ly  t h a t ,  i f  the  hea t  
2 leak increased from .62 t o  .66 B t u / h r / f t  

gen temperatures t o  l i q u i d  hydrogen test f l u i d s ,  that the  ca lcu la ted  

conductive hea t  leak i s  about 22 per  cent  of t he  t o t a l  hea t  leak, 

provided t h a t  a l l  things remain equal except the  two s ink  temperatures. 

However, t h i s  s t ep  must be taken caut ious ly  as the di f fe rence  i n  the  

two values  i s  only about 5 per  cmt of the absolu te  heat f l u x  measured 

and is, therefore ,  qu i t e  probably wi th in  experimental accuracy. 

Considering t h e  second method, i t  m y  be poss ib l e  to  alter 

However, as the conductive heat leak is near ly  l i n e a r  w i t h  

This 

i n  going from l i q u i d  n i t r o -  
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(2) Shield Deter iorat ion 

Upon completion of test I - 7 B J  w e  dismantled the insula-  

t i o n  s y s t e m  of Calorimeter No. 1. I n  the process, w e  inspected each 

f o i l  f o r  poss ib l e  causes of the rise i n  hea t  f lux t h a t  w e  i n i t i a l l y  

experienced between the Cambridge and Plum Broak test. 
checked f o r  electrical  con t inu i ty  between the tank s h i e l d s  and between 
the  neck shields and found that none existed. The outermost sh i e ld ,  

No. 5, of the neck and tank contained a l i g h t  f i l m  of o i l  on the  out- 

s i d e  surface; presumably t h i s  was vacuum o i l .  A very l i g h t  o i l  f i lm  

was a l s o  detected on sh ie ld  No. 4 of the neck; hawever, t he re  w a s  no 

o i l  detected on the  No. 4 tank s h i e l d  o r  on any of t h e  o the r  three 

inner  sh i e lds  of the neck and tank. 

W e  f i r s t  

The most prominent defect  found w a s  a corroded area on 

the inside bottom of the No. 5 sh ie ld  (outermost). The corroded 

s h i e l d  is s h w n  i n  Figure 111-6. 

cons i s t ing  of a n  area of 12 inch and 24 inch inner  and ou te r  diameters 

respect ively.  

the No, 5 s i d e  foil (Figure 111-5) and it appeared that the  water 
entered the f o i l  system by running down the s i d e  of the No, 5 s h i e l d  

to  the bot ton i n t e r i o r ,  forming a pool 24 inches i n  diameter on ~11e 

bottom. 

i d l e ,  leaving a pool 12 inches i n  diameter which was evaporated when 
the chamber was p u q e d  t o  vacuum pressures.  

The a f f ec t ed  po r t ion  is an annular 

Vertical s t r e a k  marks w e r e  evident on the e x t e r i o r  of 

W e  be l i eve  t h a t  water p a r t i a l l y  evaporated while  standing 

The corrosion products formed a white subsLance betdeen 

the  f o i l s  as is evidenced on rhe separator  n e t t i n g  between the  No. 4 
and No. 5 f o i l s  (Figure 111-7) and corrosion was evident  a l s o  on the 

outer  s i d e  of No, 4 foil showing that a conductance path could have 

been provided between the f o i l s .  

from the outs ide of No, 5 f o i l ;  however, i t  did work through one small 

area of the No. 4 f o i l ,  but  not onto f o i l  No. 3. The remaining areas 
of do. 4 and No. 5 f o i l s  and the  complete areas of No. 3, No. 2 ,  znd 
No, 1 f o i l s  were comparable with the i n i t i a l  i n s t a l l a t i o n .  

one small area (approx. 1" square) where the mult i - layer  system had 

been indented (Figure IfI-5), 
condition. 

The corrosion was not  apparent 

There was 

Shield No, 1, 2, and 3 were i n  exce l l en t  
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The emiss iv i ty  values  of the  mul t i - layer  system were 
measured i n  s e l e c t  areas t o  determine the  ex ten t  and degree t o  which 

the  sh i e ld  emis s iv i t i e s  were de ter iora ted .  The values  obtained with 

the  emissometer are presented i n  Table 111-8. 

number of measurements made on the  o r i g i n a l  aluminum f o i l  s t i l l  a v a i l -  

a b l e  from the s tored  r o l l s .  I n  addi t ion ,  comparison must be made wi th  

a number of o ther  areosurements msde on aluminum f o i l  which gave emis- 
s i v i t y  r e s u l t s  t h a t  rangad from .023 t o  . l o 3  with  50 per  cent  of the  

da t a  i n  a smaller range of ,035 +, .0035. 

A l s o  included a r e  a 

These data ind ica t e  that the  s h i e l d s  of the  mult i - layer  

were not  de t e r io ra t ed  during s torage  except i n  those areas where 

corrosion and water s t a in ing  were evident. A value of .860 a t  the  

corroded area on sh ie ld  No. 5 w a s  the  h ighes t  obtained, However, it 

is  not  poss ib le  t o  account f o r  the higher hea t  f luxes  based alone on 

the  area and emiss iv i ty  of the  corroded area. 
t i o n  system from a heat f l u x  value of .38 Btu/hr - f t  

i s  the  equivalent  of remuving alto.;; 1% sh ie lds .  

emis s iv i t i e s  of the  sh i e ld  surfaLzs did not  appear extensive as t h i s  

equivalent  e f f e c t  would indicate .  Also, there  was no s i g n i f i c a n t  

a l t e r a t i o n  i n  the temperature d i s t r i b u t i o n  i n  the  mult i - layer  bc reen 

test 1-4 and all aubsequent tests (see Figure IIS-3) that would ind i -  

cate s i g n i f i c a n t  a l t e r a t i o n  i n  the sh i e ld  sur face  p rope r t i e s  o r  i nd i -  

cate the  presence of thermal s h o r t s  among the  sh i e lds ,  

To degrade the  insu la-  
2 2 t o  .62 Btu/hr - f t  

The damage t o  the  

In Pprc IV of this repor t ,  t h s  emiss iv i ty  values  f o r ,  
a wide v a r i e t y  sf materials obtained with the  emissometer have been 

presented, 

28 were perfonned with aluminum f o i l  o r  t h i n  sheets. 

obtained vary from emiss iv i ty  va lues  of .023 t o  as high as ,103, 

(These values  were obtained a t  between room temperature and 93OF.) 
Approximately 50 per  cent  of the  test values  are i n  a range of emiss iv i ty  

values of .OB to  .040. 
previously given. Thus, there  i s  general agreement between the  r e s u l t s  

obtained wi th  the  emissometer and those reported by Sbpp, (2) 

out of the  approximately 170 emissometer tests performed, 

The r e s u l t s  

The remainder appear s ca t t e r ed  Over the  range 

Based on 
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these emissivi ty  values,  a f ive - sh ie ld  aluminum f o i l  system would have 

a r ad ia t ion  heat f l u x  of about .SO Btu/hr-f t  

temperature and a l i q u i d  ni t rogen s ink temperature. 

take i n t o  account any v a r i a t i o n  of sh i e ld  emissivi ty  with temperature. 

2 with a n  80°F source 

This does not  

Some of the emissivi ty  values more d i r e c t l y  r e l a t e d  

t o  t h i s  f i r s t  i n su la t ion  system are presented i n  Table 111-8. The 

emissivi ty  of the corroded sec t ion  i n  sh i e ld  No. 5 i s  .860. 

The corroded por t ion  of sh i e ld  No. 5 i n t e r i o r  i s  re- 

s t r i c t e d  t o  a n  area of approximately 2.5 square f e e t .  

r a t i o n  i n  the in su la t ion  system is based on the average computed 

emissivi ty  i n  T e s t  1-1, then two e n t i r e  sh i e lds  have to  become com- 
p l e t e l y  de t e r io ra t ed  o r  t h e i r  equivalent.  

thc  system and the r e s u l t a n t  heat  f l u x  would be approximately .63 

B tu /h r - f t  . 
from the emissometer measurements, then the  two surfaces  of one s h i e l d  

have t o  be completely blackened or t h e i r  equivalent,  one s h i e l d  re- 

moved ( i n  order t o  ob ta in  t h a t  same heat  leak.) Since the emissometer 
measurements and v i s u a l  inspections indicated t h a t  only a small por t ion  

of t he  sh i e ld  was se r ious ly  de t e r io ra t ed ,  other  caases which w e  have no t  

been ab le  t o  i d e n t i f y  must have a l s o  contributed t o  the Loss i n  in- 

s u l a t i o n  performance. 

I f  the de t e r io -  

They would be removed from 

2 I f  the average emissivi ty  is taken as t h a t  determined 

(3) Purge Gas Effec t  On Transient Heat Flux 
The r e s u l t s  obtained in tests 7A and B are unu6ual i n  
I n  the  f irst  place,  the t h e o r e t i c a l  pumping rate of two respects.  

the inters t i t ia l  gas from the u - i l t i - l aye r  w i l l  be g r e a t e r  f o r  helium 

than f o r  ni t rogen by a f a c t o r  estimated t o  be about 7 t o  1. This is 

a consequence of the f a c t  t h a t  t he  volume pumping rate from a per- 

forated multi- layer i n  a space environment is inversely proport ional  

t o  the molecular weight of the gas . I n  the  second place,  the heat  

f l ux  due t o  the presence of r e s idua l  gas may be g r e a t e r  for nit rqgen 

( 1) 
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than f o r  helium, given the same condi t ions of pressure and boundary 

temperatures, by a f ac to r  estimated t o  be g r e a t e r  than 2. This rela- 
tive e f f e c t  i s  obtained from the Knudsen equation 

the appropriate  gas  p rope r t i e s  and accommodation c o e f f i c i e n t s  (helium 

has much lower accommodation c o e f f i c i e n t s  than nitrogen.) Thus, i f  

the helium re s idua l  gas is more r ap id ly  pumped by the space environ- 

ment and the e f f e c t  of any residual helium gas on the heat  f l u x  is 

less than the e f f e c t  of ni t rogen gas, then the in t eg ra t ed  f l u x  during 

the t r a n s i e n t  period i s  expected t o  be  smaller f o r  helium than f o r  

nitrogen. 

taken place,  

( 3) through use of 

The measured hea t  f l uxes  show t h a t  t he  opposite e f f e c t  has 

The observed d i f f e rence  would ind ica t e  t h a t  t he  pressure 

of the contained gas i n  the mult i - layer  is s i g n i f i c a n t l y  g r e a t e r  over 

a longer period of time f o r  helium, conpared t o  nitrogen. 

t i o n  can occur i n  two ways: 

s u r f a r ~ s  and b.) ni t rogen gas is  being absorbed by the  surfaces.  

t he  two, the latter occurrence is  more probable. 

1 micron there  are about 5.4 x 

p e r  square cm. of tank surface.  

surface capaci ty  of 8.10 x molecules /cm , There is  saue n i t r o -  

gen pumping p o t e n t i a l  always p re sen t  i n  the  system, p a r t i c u l a r l y  on 

the sh i e ld  and spacer surfaces ,  a6 t h e i r  temperatures are lowered 

while they are approaching t h e i r  s teady state d i s t r i b u t i o n ,  

tests were performedwith a f i v e  sh i e ld  mul t i - l aye r  system. We expect 

t h a t  the magnitude of observed e f f e c t s  are dependent upon the number 

of sh i e lds ;  i t  w i l l  probat ly  become more pronounced as the  number of 

sh i e lds  increases. 

This condi- 

a.) helium gas i s  being desorbed a t  the 

Of 

A t  a pressure of 

molecules i n  the mult i - layer  space 

The tank alone has a mono molecular 
2 

These 

0 

The aeasured e f f e c t  of purge gas on the transient per- 

formance of multi- layer i n su la t ions  has  produced i n t e r e s t i n g  r e s u l t s .  

We bel ieve that tests t o  obtain add i t iona l  da t a  are warranted. The 

present  results should be confirmed i n  tests performed i n  a manner 

similar t o  I-7A and B. These can and should be accomplished i n  
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conjunction with other  steady state in su la t ion  performance measurements. 
A t  a later da te ,  these tes ts  can be augmented, i f  necessary, with 

smaller more special ized tests t o  determine t h e  absorption--desorption 

c h a r a c t e r i s t i c s  of select sh i e ld  and spacer mater ia ls .  

(4) Summary 

Insu la t ion  System No. 1 gave a heat f l u x  of .62 Btu/hr- 

f t  wi th  l i q u i d  ni t rogen and .66 Btu/hr-f t  with l i q u i d  hydrogen. Our 

i n t e r p r e t a t i o n s  of t h i s  da t a  ind ica t e  t h a t  the r a d i a t i o n  component of 

hea t  f l u x  is approximately ,46 Btu/hr-f t  

is  about ,16 Btu/hr-f t  . The eotimated r a d i a t i o n  component alone i s  

g r e a t e r  than the t o t a l  f l u x  (0.38 Btu/hr-f t  ) measured under the pre-  

vious contract .  

known t o  have taken place p r i o r  t o  all the  current  measurements which 

accounts, a t  least i n  p a r t ,  f o r  the higher cu r ren t  values  of heat  

f l ux ,  

2 2 

2 and the conduction component 
2 

2 

Some degradation of the multi- layer p rope r t i e s  is 

The integrated heat  f l u x  of the multi- layer obtained 

during a simulation e n t r y  i n t o  space was g r e a t e r  f o r  helium gas purge 
than f o r  a ni t rogen gas purge. This is contrary t o  the  expected re- 

s u l t  and should be invest igated f u r t h e r  i n  o the r  mult i - layer  systems. 

III- 29 





40 500 

480 

460 

440 

42 0 

- 60 490 

- 80 380 

- 100 360 

240 

-240 220 

-260 200 

-280 180 

160 

740 
LN 

120 

- 360 1 UC 

-380 80 

-400 60 

-420 40 
i 1 2 3 4 5 0 

Tank Weld Number Baffle 

FIGURE 111-3 IfJSULATION SYSTEM NO, 1, TYPICAL 
MULTI- LAYER T S M P E R A T U R E  
DISTRIBUTION 

111-31. 











0 1 %  

2 
0 

d 
m 

d 
QD 

QI 

2 
0 

d 
9 

0 

o\ 
P. 

o\ 
t- 

9 

0 

N 
h 

0 

00 
h 

a0 
h 

m 
d 
h 

O 

z 

2 

h 
N 

3 

h 
9 

0 

QI 
h 

Q, 
h 

In 
t- 
9 

0 

9 9 9 9 h h h h  
1 1 1 1  

2)41253 
o o o q  ;s . . .  K K X X  

4 s  -1 d d N d  

I 
0 

9 

0 

9 
d 

9 

0 
0 m 
0 
\ a 
N 

I 
d 

0 
53 
r( 
\ 
h 
N 
I 
d 

I 
0 
d 
K 
0 
In 

0 

cl 
d 

9 

0 

d 
\ 
rl 
Pl 

I 
d 

8 

0 

N 
\ 

z 
8 
I 
d 

I 
0 
rl 
X 
In 

In 
. 

0 
0 
Ccl 
d 

8 N 

\ 
d 
m 

I 
d 

c 
CJ 
.-I 
rl 
\ 
d 
m 
I 
d 

I- 
I 
0 
rl 
X 
In 

w 

0 
0 
\o 
d 

0 

0 
\ 
m 
I 
N 

8 

00 
\o 
d 
\ 
N 
I 

N 

21 

a 
C 
0 
d 
U 
4 
Q 

0 
8 

drthur D.littlC.3ru. 111- 35 



I 

rl 

? 

l-l 
OI . 
E a 

E 
0 
P 

d 
3 
I 

00 
00 . 

d d  

3 9  

111- 37 



.. 
h u 
rl 
d 
4 

pc 
Y a 

Y 

8 

0 
0 

OD 
? 

OI 
m 

m 
m 

0 
b 

m 
0: 

9 
I- 
fl 
FI 

d 
rl 
m 
I 

9 

2 

r( 
rl 
m 
I 

m 

0 
? 

om 
d 

b 
rl 
\ 
v) 
d 
I m 

Q 
rl 
\ 
9 
d 
I m 

n 
u? 
.J 

0 

d 
3 

8 
8 
2 
\ 

I m 

0 

r( 
\ 
9 
d 
I m 

111- 38 



m 

e . . . . . .  

0 0 0 0 0 0 0  

@ E  5 "  0 0 0 0 0 0  
Q s S s S 4 s S s S u  

c 
h 
I 
d 

0' 
Z 

B 
1 

rl 

d z 

cy 
U w 

L 

v\ 

I 

U 
U 
U 

III- 39 



Q ) e  
N O  

0 0  
' 9 Y  

0 0  
2 %  

+ *  a h  

0 0  
$ 1  * .  

.s -. 
. . .  
d o 0  

QD 

4 
N 

+ 
d 
(c, 
I 

9 9  
coo m g r  
d 

? ?  
2 5  

2 5  
m o  
I 1  

I 

2 
3 
K 

d 

0 

4 
9 

8 

s 
eJ 
0-4 
\ 

n 

H 
0 
\ 

;3 
m 

O o o 8 8  ? ? ? .  . 
o o u u 4  

O Q O  

0 0 0  
1 ? ?  

.. 
op 

8 
h a  

.. 
0 0  

111-40 



0 m 

0 
? 

d 
a3 m 

h 
\D m 
0 

Q) 
o[) 
U 

0 
N 
\o 

E 
m 
0 

h 
In 

0 
: 3 '9 

0 

rh m 
m 

0 m 

0 0 0 0 0 0 0 

( V N  
m r l  

0 

U 
? 
0 
0 a 9 9 .  " " 8  0 0  

9 9  
0 0  

U 
9 9  

ag 00 U 

8 
d s 8 

(Y 
a m 

0 
0 
2 

0 
0 
N 
r( 
\ 
r- 
rn 
I 

m 

0 
0 
W 
d 
\ 
h 
N 

I 
m 

\ 
ln 
cy 

I 
VI 

Q 
a u  orn  
uda l  

0 
0 
U 

P 

8 
$1 

s \ 
m 

8 

s 
rD 
rl 
\ 

1 m 

0 

0 
\ 
*I) 
N 
I 

m 

8 
0 
5: 

0 
0 
N 
rl 
\ 
h 
N 

I 
Crl 

0 
0 
N 
d 

111-41 



Test No. 
1 

I- 1 
I-3A 
I - 3 B  
I- 3D- 2 
I- 3D- 3 
I-3N-1 
I- 3N- 2 

1-6 

I- 7A 
I- 7B 

TABLE 111-7 

SlMMARY - Fh4CILITY CALIBRATION HEAT FLW 

Test Locat ion 

ADL 

J- 3 
I t  

I t  

I t  

I t  

I t  

ADL 
I t  

I t  

Test Duration 
(hr 8 )  

36 
10 

:5 
13 
16 
38 

16 
1 20 

48 
140 

Test Blluid 

N it r og en 
Hydrogen 

I t  

I t  

I t  

Nitrogen 
I t  

I t  

I t  

I t  

1. - Test 1-1 performed under Contract NASw-615. 

Adjusted Heat Flux 
BTU/hr f t  2 

.33 

.65 

.66 

.65 

.66 

.61 

.65 

.62 

.61 

.59 
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TABLE 111-8 

SUMMARY aISSIVITY DATA 

INSULATION SYSTEM NO. 1 SHIELD 

Sam l e  Side Measured - Date h i s s  i v i t y  

Corroded f o i l  from sh ie ld  of Non-corroded 2 June 1964 0.0470 

Insu la t ion  System No. 1 Non-corroded 1 May 1964 0.0532. 
2 m i l  1100-0 grade aluminun Corroded 12 May 1964 0.860 

F o i l  from calorimeter sh ie ld  #1 Shiny 4 Hay 1964 0.0459 

This sheet is  not  corroded 2 mil Shiny 1 June 1964 0.0379 

1100-0 grade aluminun 

Nm-corroded f o i l  from shie ld  #S 

This sample was taken from an 
area immediately adjacsnt  t o  a 
corroded area. (Note: the  foil 
has a d u l l  and a shiny s ide.  

corrosion was on the  d u l l  side.) 

2 m i l  1100-0 grade 'aluminum. 

Dull 
Dull 

The 

Hard aluminum f o i l .  (both s ides  A 

are shiny) Sample was taken from a B 
r o l l  of new f o i l .  2 mil 
l lBS-Hl9 aluminum 

Aluminum f o i l  0.0005 in.  thick,  Shiny 

1100-0 grade (had a shiny and a 
d u l l  side) 

12 May 1964 ' 0.0355 

29 Hay 1964 0.0349' 

28 May 1964 0.0346 

29 May 1964 0.0338 

28 Hay 1964 0.0348 

Same cvpe AS used on sh ie lds  Shiny 29 May 1964 0.0362 

Nos. 1 & 5.  However, the  sample Dull 2 June 1964 0.0334 

was taken from the  middle of an 

unused r o l l .  

aluminum 

2 mil 1100-0 grade 
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I n s u l a t i c  System W O , ~  

a. Lntroduztion 

I n s u l a t i o n  System No, 2 consis ted of f i v e  shield8 of polyester  

film, k mil thick,  coated with aluminum on the outs ide,  and s i x  spacers 

of 1/8 x l i d - inch  mesh vinyl-coater! Fiberglas  screen. IL was falxA- 
cated onto No. 2 Calorimeter i n  Ju ly ,  1963, under con t r ac t  NASw-615. 

The thermal performewe of the i n s u l a t i o n  w a s  measured both unciez con- 

tract NASw-615 an3 t..G cur ren t  contract .  

The object ive i n  t e s t i q  t h i s  s y s t e m r a s  t o  e s t a b l i s h  the per- 

Although System fonaance of the l i g h t e r  weight coated f i l m  materials. 

No, 1 was constructed using 2 m i l  aluminum f o i l .  mult i - layer  systems 

used i n  ground based dewars have been successful ly  f ab r i ca t ed  using 

1/4 mil aluminum 
i n  thickness with regards t o  the manufacture and handling of these 

f o i l s .  

weight of aluminum i n  compara5le thickness a d ,  f u r t h t ,  it is s2ronger 

and tcars less e a s i l y  than aluainum f o i l .  

of polyester  f i l m  are a v a i l a b l e  for use i n  multi-Layer insulat ions.  

Coated polyester  f i lms have a low t h e y u l  conductivity i n  a 

Howevcr, 1/4 mil value represents  about t he  lower l l m i t  

BY COmpariSOn, 1/4 m i l  po lyes t e r  f i lm  is about one-half t h e  

I n  addi t ion,  l i g h t e r  gauges 

d i r e c t i o n  p a r a l l e l  t o  the fi lm. 

aluminum, the highly thermal conductigg member of t he  coated films, 
i s  extremely t h i n  (approximately 275 A). 
l i m i t s  t h e  heat  flcw i n  the coating, 

system performance when penetrat ions nus t  be  placed i n t o  the  multi-  

l aye r  sys  t e m .  

This is a consequence of the fact that 

The small metal c ross  s e c t i o i  

A lower conductance gives  b e t t e r  

b. Insu la t ion  System Descript& 

As previously indicated,  t h i s  i n s u l a t i o n  system was fabricated 

onto Calorimeter No. 2 under con t r ac t  MSw-615. Details of i t s  con- 

s t r d c t i o n  have, therefore ,  been previously reported . The p r inc ipa l  

char, 

views of the s i d e  and bottom of the in su la t ion  are presented i n  

Figure 111-8. 

( 1) 

*istics of the system are summarized here i n  Table 111-1 and 
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c. Test Condition5 

The heat f l u x  neasurements perfoLwd with Insu la t ion  System 

No. 2 are presented i.1 Table X I - 9 .  
2 adjusted value of heat fl-ax f o r  the e n t i r e  i n su la t ion  of 1.02 B tu /h r - f t  

was measured, I n  test I-4E a f l u  valae of 1.07 Btu/hr-f t  w a s  obtained 

for  the lower-half of the i r s u l a t i o n  system. 

d value of 1.10 Btu/hr-f t  obtained i n  a similar measurement =de i n  

Test 1-2 with the same system during the previous contract period. 

I n  tests I-4A thru 4D a n  average 

2 

These valves coapare with 
2 

T)pical values of the measured temperature d i s t r i b u t i o n  i n  the  

insulat ion are presented i n  Figure 111-9. The values s h a m  are the 

kverage of three temperatb-es measured a t  the A, B, and C locations 

(see Figure 1 1 1 - l C )  on each shield.  

d. R e s u l t s  and Discussion 

The r e s u l t s  obtained with No. 2 i n su la t ion  system i n d i c a t e  t h a t ,  

with a comparable rider of sh i e lds  and spacers, the aluminum-coated 

polyester f i lm  is less e f f e c t i v e  than the aluminum s h i e l d s  by a f a c t o r  

of 1 t o  2 .5  based on the measured heat f l u x .  The higher f l u x  could 

be due t o  a large amount of conduction W i n g  p lace  between the sh i e ld  

and spacers, or t o  poor sh i e ld  surface emis s iv i t i e s  or both. 

therefore,  undertook t o  evaluate  the da t a  by making subsequest measure- 

ments of t h e  sh i e ld  p rope r t i e s  using the Emissometer  and in f r a red  

Pyctrophotoateter instruments. 
perimental teuperature d i s t r i b u t i o n  i n  the  s h i e l d s  t o  estimate surface 

emittance. 

We, 

I n  addi t ion,  we made use of the ex- 

Based 3n the bodndary teuperatures of the in su la t ion  system 

and on the average heat  f l u x  obtained i n  tests I-&I th ru  4D w e  cm- 
puted a value of .087 f o r  the  average emissivi ty  of each surface of 

each shield of the multi- layer system. 

assumed t h a t  the aluminized and unaluminized sarfclces of e; -h sh ie ld  

I n  t h i s  ctnnputation w e  

were of the same value. 

independent of sh ie ld  teuperature. 

Further w e  assumed t h a t  the emissivity w a s  

Through use of the ADL Emissometer we measured the emittance 

of the aluminized and unaluminized surface of rrhe polyester  f i lm  at  
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0 a temperature of about 93 P. 
g 0.36. 
about 275 E, r e su l t ed  i n  a n  emittance value of .047 (see Emissometer, 

Section IV, f o r  tests performed 5-5-64 . )  A comparison of these values 

ind ica t e  t h a t  each s h i e l d  has a single high perforunnce (low emittance 

value) surface.  

The uncoated s i d e  gave a n  emittance value 

The opposite s ide ,  coated with aluminum t o  a thickness of 

Using these measured emittance values  f o r  the appropriate  

surfaces  of each sh ie ld ,  w e  c q u t e d  a pure r a d i a t i o n  hea t  f l u x  of .97 

Btu /h r - f t  f o r  the in su la t ion  with the boundary temperature condi t ions 

p reva i l i ng  in test I-tA-D. 
(not adjusted) flux of 0.80 Btu/hr-f t  by about 20 p e r  cent.  The 

s ignif icance of t h i s  r e s u l t  is t h a i  the emitances of the i n s u l a t i o n  

No. 2 s h i e l d s  are probably lcver than those measured wi th  the ADL 

emissometer. 

2 

This r e s u l t  i s  g r e a t e r  than the measured 
2 

The experimental sh i e ld  te-eratures shown in the Figure 111-9 
are coupared with computed values. These computed temperatures have 

been determined a f t e r  t he  manner i l l u s t r a t e d  i n  ADpendix 2 using the 

two emissomter  values of sh i e ld  emittance. From t h i s  comparison, it 

is evident t h a t  t he re  is fair arguruent between experimental and cm- 
puted temperatures in tSe ourer  four shields .  However, the experimental 

teuperature  of s h i e l d  No. 1 is about 65'F g r e a t e r  than the  computed 

value. This would ind ica t e  that the t r u e  emittance of t h e  surface on 

sh ie ld  No. 1 facing the tank is less than the value of 0.36 used i n  

the computed temperature; i.e., less tban the  value measured with the 

emissometer at  93 P. 0 

Eait tance measureuents cannot be made with the emissometer a t  

the 180°R tenperature level. 

q u a l i t a t i v e  4.nfonnation on the low temperature emittance of polyester  

f i lm  t o  corrQborate the temperature data.  

the use of a n  in f r a red  spectrophotometer. 

cant  differences between these two masurement methods tha t  should 

be mentioned. The emissowter  measures the t o t a l  hemispherical 
emittance integrated with respect  t o  r a d i a t t o n  wavelength. The spectro- 

photometer measures the specular transmission as a funct ion of r a d i a t i o n  

It was necessary, however, t o  obtain 

This was accomplished through 

There are several  s i g n i f i -  
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wavelength. This lat ter measurement is r e l a t e d  t o  the absorptance i n  
accordance w i t h  the equation e +p+Cr= 1 

by the i d e i t k i t y d m  C where 

and t o  the emissivi ty  

o( = a b s o r p t i v i t y  

P = r e f l e c t i v i t y  

I- = transmissvity 

& = emissivi ty  

The measured transmittance of m i l  polyester  f i l m  i s  shown 

The range of hsvelengths covered are from 2 .5  t o  i n  Figure 111-10. 

40 microns. 

i n s iden t  r a d i a t i o n  on the sample. 

length are summarized from the actual experimental da t a  to  produce a 
%lock" presentation. 

r a d i a t i o n  i n t e n s i t y  spec t r a  at 540 and 180°R. 
data is rat<-o of the block body r a d i a t i o n  a t  any wavelength t o  the 

peak block body r a d i a t i o n  a t  the indicated temps 0 a tu re .  

The ordinate  represents  the r a t i o  of the transmitted t o  

The values  of t h i s  r a t i o  versus  wave- 

Superimposed on t h i s  data is the block body 

The ordinate  f o r  these 

Based upon the information presented i n  Figure 111-10, i t  is 

evident t h a t  t he  po lyes t e r  film has seve ra l  low transmission bands 

i n  regions where 54OoR block body r a d i a t i o n  i n t e n s i t y  i s  large.  

low transmission bands are also equated t o  high a b s o r p t i v i t y  and high 

emissivi ty  bands. I n  the range of wavelengths where the 180°K block 

body r a d i a t i o n  is g r e a t e s t  t he re  a r e  no s i m i l a r l y  intense emis s iv i ty  

bands present.  Except f o r  the bands i n  the 5 t o  14 micron range, the 

transmission averages abou t  0 .8  i n  all o the r  regions. 

uncoated surface of s h i e l d  No, 1 is very probably lower a t  the U O O R  

temperature level than a t  the 540 or temperature level. Based upon 

the temperature and heat  f l u x  d a t a  obtained in T e s t s  I-U-D, a value 

of emiss::irity of ,08 is i n fe r r ed  fo r  t h i s  surface.  This value is  

considerably less than the  emissometer value of 0.36 and, therefore ,  

There 

From the above, i t  i s  concluded t h a t  the emittance of the 

should be confirmed f u r t h e r  i n  o the r  experiments. 

e. Suumry 

1. For the aluminum-coated polyester  f i lms used on the tank 

system, the coated s i d e  has an emissivi ty  value i n  the range .04-.05. 
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The uncoated s i d e  has a value of approximately .36 a t  near room tern- 

pe ra tu re  and a smaller value a t  temperatures less than about 300 F. 0 

2.  The experimental heat  f l u x  w a s  s l i g h t l y  lower than a 

t h e o r e t i c a l  flux based on experimental s h i e l d  su r face  emittances ob- 

tained with the emissometer. I n  view of t h e  unce r t a in t i e s  such as 
s o l i d  conduction and the v a r i a t i o n  of sh i e ld  emissivi ty  with teyera- 

tu re ,  the agreement between t h e  two is, however, good. 
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FIGURE ID-9 INSULATION SYSTEM NO, 2, TYPICAL 

DISTRIBUTION 
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FIGURE 111- 10 TRANSMISSION CFIARACTERISTICS OF 1/4 MIL 
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Insu la t ion  System No. 3 

a. Introduct ion 

A copper pene t ra t ion  was placed on the  bottom head of 

Calorimeter Ma. 2 along the  tank axis, i n t o  the  ex i s t ing  No. 2 

Insu la t ion  System. 

clamp and formed a penet ra t ion  3 inches i n  diameter which was 

placed i n  good thermal contac t  with the  tank. (4) With t h i s  

modification, t he  new system became i d e n t i f i e d  as Insu la t ion  

It consis ted of copper washers and a washer 

System No. 3. 

The'copper pene t ra t ion  was designed t o  introduce a 
s t rong thermal sho r t  i n t o  the  mult i - layer  system tb t  could 

be evaluated a n a l y t i c a l l y  and experimentally. The increase  

i n  the  hear r a t e  t o  the  calor imeter  produced by t h e  penetrat ion,  

coupled wi th  the  sh i e ld  temperature grad ien ts ,  could then be 

used t o  test and v e r i f y  a n a l y t i c a l  techniques f o r  similar type 
penetrat ions.  (4) 

b. Copper Penet ra t ion  

The copper pene t ra t ion  was placed i n  t h e  in su la t ion  

system at t he  center  of t he  bottom head of the  No. 2 Calorimeter. 

This  was accotnplished through the  use of copper washers 

0.035 inches th i ck  which are used t o  clamp each sh ie ld  

individual ly .  As shown i n  Figure 111-11, the  washers are 
clamped a t  the  center on a s tud  welded t o  the  tank so t h a t  each 

washer becomes t h o r m l l p  Gh-rted t o  the  tank. 

separa te ly  clamped wikh a b-:ass elug, t o  a s su re  that they are 
i n  thermal contac t  v i t 5  the copper washers along t he  3 inch 

periphery. Copper used i r  t he  peqe t r s t ion  because of i t s  

high rhermal conductivity. The e n t i r e  pene t ra t ion  is then 

maintained a t  the  tank, thus Establ ishing t h e  boundary temperature 

of t h e  sh i e lds  a t  the  periphery of t h e  pene t ra t ion .  

The sh ie lds  are 

111- 53 



The penetrat ion was i n s t a l l e d  i n t o  the e x i s t i n g  i n s u l a t i o n  

system by c u t t i n g  away port ions of the  sh i e lds  and n e t t i n g  as shown 

i n  Figure 111-12. A s  the washers were i n s t a l l e d ,  a po r t ion  of the 

sh i e ld  material was lapped over the copper washer as shown i n  Figure 

111-13. Figure 111-14 shows the conpleted i n s t a l l a t i o n ,  and add i t iona l  

d e t a i l s  are shown i n  Figure 111-11. 

To assess properly t h e  performance of the penetrat ion,  w e  

required the temperature d i s t r i b u t i o n  i n  the outer  f o i l  a t  the v i c i n i t y  

of the penetrat ion.  

a8 shown in Figure 111-15. 

This da t a  was obtained with thermocouples located 

Additional thermocouples were also i n s t a l l e d  on the outer  

sh i e ld  of the in su la t ion  system a t  the s i d e  of the calorfruetss i z  tkc 

v i c i n i t y  of e x i s t i n g  thermocouple 5B. Their locat ions r e l a t i v e  t o  

this thermocouple are shown i n  Figure 111-16, The purpose of this 

added thermometry was t o  e s t a b l i s h  the temperature gradient  i n  the 

outer  sh i e ld  i n  a region where the source temperature undergoes a 

s t e p  change, 

b a f f l e s  by sec t ing  them a t  d i f f e r e n t  temperatures. 

This change was accomplished wi th  the vacuum chamber 

c. Test Conditions 

The tests performed i n  the 1-4 series provided d a t a  representa- 

t i v e  of the i n s u l a t i o n  system without any penetrat ion.  

were conducted under comparable condi t ions b u t  w i t h  the pene t r a t ion  

described above. The d i f f e rence  i n  t o t a l  heat  flow measured i n  the 

two series would then be r ep resen ta t ive  of heat  flaw due t o  the pene- 

tra t ion. 

The 1-5 series 

The 1-5 series were c a r r i e d  out  a t  the A, D. L i t t l e ,  Inc. ,  

faci l i t iss  i n  Cambridge with l i q u i d  nitrogen. 

I-SA through I-5D were performed with a l l  the chamber b a f f l e s  operating 

a t  a temperature of about 41 F. 
steady state conditions were obtained i n  t h i s  manner, 

r a t e  o '  46.2 Btu/hr over the four  test per iods was obtained, 

average f l u x  value is not meaningful because of the presence of the 

penetration. ) 

The f i r s t  four  tests, 

0 More than 100 hours of d a t a  under 

A n  average heat  

(The 
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Tests I-5E and I-5F were performed with the upper and lower 
chamber b a f f l e s  a t  d i f f e r e n t  temperatures. I n  the former, the uppar 

b a f f l e  was m i n t a i n e d  a t  38OF and the  lcwer ba? f l e  was maintained a t  
about -310°F through use of l i qu id  nitrogen. 

t u re  IC e l  of the b a f f l e s  were reversed. The operati-  condi t ions 

of t h i s  tes t ,  i nc iden ta l ly ,  are comparable t o  those of tes t  'I-4F. 
Average measured hea t  flow values  of 20.8 and 29.3 Btu/hr were obtained 

i n  tests I-5E and I-5F respect ively.  All the heat  rate r e s u l t s  f o r  

t h i s  series are tabulated i n  Table 11.1-10. Additional tests were 

i n  progress with t h i s  system when a f a i l u r e  of the b a f f l e  system re- 

su l t ed  i n  flooding the chamber with water. 

completely imnersed and upon subsequent inspection, the aluminumized 

po lyes t e r  sh i e lds  had deter iorated.  

d. T e s t  R e s u l t s  and Discussion 

I n  test 5F, the  tempeta- 

The in su la t ion  system was 

(1) Penetrat ion Heat Rate 

The a n a l y t i c a l  procedures used f o r  ca l cu la t ing  the 

heat  rate through the copper penetrat ion a r e  presented i n  another 

r epor t  . (4' The added heat  leak, due t o  the presence of the penetra- 

t i o n  i n  the in su la t ion  was estimated t o  be 7.5 Btu/hr €or the  condi- 

t i o n  i n  which the r ad ian t  hea t  f l u x  t o  the  tank is due t o  chamber 

b a f f l e s  main:ained a t  80'F. 
temperature was more i n  the order of 40°F, which reduces the theo re t i -  
cal pene t r a t ion  heat  rate t o  about 5 . 2  Btu/hr. 

I n  the experiments, the a c t u a l  b a f f l e  

I n  comparison t o  t h i s  t h e o r e t i c a l  value,  a measured 

heat  rate of 16.6 Btu/hr was obtained f o r  the penetrat ion,  This value 

was determined from tests I-4AS B,  C, and D which were performed with- 

out any penetrat ion i n  the in su la t ion  and from tests 1-5A, B, C, and 

D, which were performed with the penetrat ion.  

obtained i n  the former of these tests r e su l t ed  i n  an average value of 

31.7 Btu/hr. 

The heat  rate da ta  

This value could not  be compared d i r e c t l y  t o  the heat  
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rate obtained with the l a t t e r  tes ts ,  because b a f f l e  temperatures be- 

tween the two groups of tests d i f f e r e d  by about 7 F on the average. 

Thus, the heat rate on the 1-4 tests was adjusted t o  a 41°F w a r m  
boundary temperature. This  adjustment was made on the  b a s i s  that the 

predominant heat flow is by r ad ia t ion  and as a r e s u l t  i t  v e r i e s  as the 

4 th  power of the outer boundary temperature. 

rate of 29.6 Btu/hr Fs obtained. 

I - S A ,  B, C ,  and D tests is  46.2 Btu/hr. The difference i n  these two 

values is 16.6 Btu/hr and represents  t he  measured penetrat ion heat  

rate. This r e s u l t  i s  a f a c t o r  of three more than the expected value. 

0 

Thus, a n  adjusted heat  

The average heat  rate measured i n  

A heat  rate value of 13.7 Btu/hr was obtained from a 

comparioon of tests I-4E and I-5F; 

these tests were performed with the upper b a f f l e  a t  a temperature a t  

about -320'F and the lower b a f f l e  a t  near room temperature. 

(see Table 111-9) yieldea a heat  rate of 16.5 Btu with a w a r m  b a f f l e  

temperature 47 F. This rate was adjusted downward t o  a n  equivalent  

warm b a f f l e  temperature of 38'F corresponding t o  t h a t  used i n  Test 

I-5F. 
heat  rate i n  Test I-5F i s  29.3 Bt.u/hr, 

lat ter two values ,  14.2 Btu/hr, represents  a second estimate of the 

penetrat ion heat leak. 

expected . 

It w i l l  be r eca l l ed  t h a t  both 

T e s t  I-4E 

0 

This r e su l t ed  i n  a value of 15 .1  Btu/hr. The average measured 

The difference between the  

Again the experiments1 r e s u l t  is greater than 

Ir. Figure 111-17, the computed and experimental t em-  

peratures  of the outer  sh i e ld  i n  the v i c i n i t y  of the pene t r a t ion  are 

presented. The agreement between the two is q u i t e  good. 

t o  u s e  the experimental temperature d i s t r i b u t i o n  t o  compute the pene- 

t r a t i o n  heat  rate,  This repre-  

s en t s  the integrated heat flaw over a n  in su la t ion  area 20 inches in 

diameter which includes the end of pene t r a t ion  and i t s  s ide .  

It is poss ib l e  

A value of 5.12 Btu/hr was obtained. 

The 

rneasurpd surface temperatures and the surface emis s iv i t i e s  were used 

t o  deternine the heat  flaw. 

i n  Table 111-11. 

The r e s u l t  of the computation is summarized 
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It i s  evident from t h i s  summary t h a t  almost 90 per  cent  

Further,  of the estimated heat flow is  t o  the end of the penetration. 

the added heat flow due t o  the pene t r a t ion  would increase by not .more 

than 2 Btu/hr i f  i t  is assumed t h a t  the surface tenperature of the 

outer sh i e ld  were -320°F instead of the values a c t u a l l y  measured, 

Thus i t  i s  d i f f i c u l t  t o  conceive t h a t  the t o t a l  experimental heat f l u x  

r e s u l t i n g  from the penetrat ion would exceed 7.2  Btu/hr under the ex- 

perimental conditions.  

One f u r t h e r  cornpicison is  necessary t o  complete the 

discussion of the da t a ;  Test I-4A t h ru  D yielded o v a - a l l  heat  f luxes 
2 of about .74 Btu/hr-f t  and T e s t  I-4E yielded a heat  f l u x  of . 77  f o r  

t he  lower half of the tank in su la t ion  adjusted t o  a warm boundary 

temperature of 38'F. These values are near ly  equal and would ind ica t e ,  

t h i r e fo ra ,  that the f l u x  f o r  the upper and lcwer halves have near ly  

the &a= t s l u e .  

t h z t  the aeasured heat f l u x  i n t o  the upper half  of the cnlorimeter 

a t  a warm b a f f l e  tempdrature of 38OF had a value of 1.06 B tu /h r - f t  . 
The f luxes obtained i n  Tests I-4F and I - 5 E  are not consis tant  with the 

over-al l  flux measured i n  T e s t  I-&, B, C,  and D. There i s  the d i s -  

t i n c t  indicat ion,  therefore,  of some extraneous heat source i n t o  the 

in su la t ion  i n  add i t ion  t o  t h a t  caused by the penetretion. 

t i g a t i o n  of the exis tance of t h i s  source was precluded when the chamber 
became f loaded. 

However, the r e s u l t  obtaiced i n  Test I-5E i nd ica t e s  

2 

The inves- 

The result  of t h i s  set of e:cperiments m y  be summarized 

The measured heat  rate f o r  the pene t r a t ion  i s  approximately as follows. 

2-3 times g r c r t e r  than the computed value and the value estimated from 

temperature measured i n  the v i c i n i t y  of the penetration. 

also inconsis tencies  i n  the da t a  t h a t  i n d i c a t e  the heat rate measure- 
ments made i n  the 1-5 test series are l a rge r  than can be reasonably 

expected. 

may have been present  i n  the in su la t ion  system o r  calorimeter tank. 

This question could not be resolved because of the subseqwnt damage 

i n f l i c t e d  upon the in su la t ion  due t o  flooding. 

There are 

The l a rge r  values ind ica t e  t h a t  some extraneous heat  source '  

For the time bzi-18, 
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we consider me a n a l y t i c a l  techniques t o  be v a l i d .  

Temperature Di s t r iuu t ion  a t  Baf f l e  S p l i t  

Through the use of thcmocouples on the outer sh ie ld  of 
t h e  tank mult i - layer ,  add i t iona l  information w a s  obtained t o  v e r i f y  

the analytical procedcres. 

b a f f l e s  i n  the chamber a t  d i f f e r e n t  temperatures. The b a f f l e  con- 

f igu ra t ion  is  shcwn in Figure 111-1, By maintaining one b a f f l e  a t  
near room temperature and the other  a t  l i q u i d  ni t rogen temperature, 

a 400°F step can be obtained. 

d i s t r i b u t i o n  and syumetry obtained f o r  two sets of condi t ions,  

discussed and compared with the a n a l y t i c a l  p red ic t ions  ('1 
between the two is excel lent .  

This was accomplish5d by s e t t i n g  the two 

Figure 111-18 shows the temperature 

I n  P a r t  VI, t hese  experimental resalts are f u l l y  

 he agreement 

Aluminized Polyester Film Immersion R e s u l t s  

Calorimeter No, 2 and i ts  aluminized polyester  f i l m  

i n s  i l a t i o n  system becatle immersed i n  water when the water-f t:.led passages 

of t k  chamber b a f f l e  ruptured. On c lose  inspect ion,  we diacovered 

t h a t  s i g n i f i c a n t  po r t ions  of the outer  alrininieed po lyes t e r  f i l m  no 

longer contained a n  aluminum layer .  

f o i i  l aye r s  and fwmd those close t o  the tank t o  be s i m i l a r l y  cieteriorsted,  

Subsequently, we removed a l i  the  

We speculated t l a t  the loss of aluminum from the polyester  

f i l m  was due t o  acid etching ?f the  aluminum and/or t o  migration of 

moisture t o  the aluminum-polyester f i l m  in t e r f aze .  W e  be l i eve  t h a t  

th6 water i n  the tank was s l i g h t l y  a c i d  because w e  found evqdence of 

soldering f l u x  in the area where the c i r c u l s t i n g  c o i l s  were s o f t  

soldered t o  the b a f f l e  p l a t e ,  

An a c i d  etching ef fe r . t  was obtained when swatches of 

aluminized polyester  film taken from stock suppl ies  were immersed i n  

water t o  which a small quant i ty  of solder ing f l u r  had been added. A 

similar innnersion tes t  i n  pure water a l s o  produced 1 0 s ~  of the aluminum 

surfacing but  by operat ion i t  was noted t h a t  a smalhr quant i ty  of 
aluminum was removed than i n  the immersion tests involving the solder-  

ing flax. 
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W e  found fu r the r  indicat ion of a very weak bond between 

the aluminum and polyester film. 

found that where the two sec t ions  of a sh ie ld  had been WerlapFed the 

imnersion i n  water adhered them together.  When the two seccions were 

pulled apa r t ,  a s ign i f i can t  po r t ion  of tke deposited aluminum on one 

sect ion bocsme adhered t o  and remained on the polyester  surface of the 

seconti sect ion. 

During removal of 2 2  sh ie lds ,  w e  

The deleter ious e f f e c t s  of the water imPersion of the  

aluminized polyester  film corroborate information obtained f r a n  o the r  

sources. 

aluminum and polyester  f i lm  i s  very weak and imnersion i n  water can 

cause a separation of the aluminum and polyester  film. We may a l e o  

speculate that m o i s t u r e  and s l i g h t  abrasive e f f e c t s  can cause separa- 

t i on  of the two films. 
necessary f o r  an aluminiked-Mylar multi- layer i n su la t ion  spp l i ed  on 

a space vehicle propel lant  tank t o  prevent the moisture i n  the u a t u r a l  

environment from accumulating i n  the system. 

From o t r  experience, i t  is evident that the bond betwezn the  

Thus. i t  appears that some prcitection is 
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Insu la t ion  System No. 4 
a. InLroduction 

Insu la t ion  System No. 4 consis ted of f i v e  sh i e lds  of 1/2 m i l  

aluminum f o i l s  separated by 1/8 x 1/8-Fnch r e s h  vinyl-coated Fiberglas  

n e t t i n g  spacers,  Our maic ob jec t ive  i n  s e l e c t i n g  t h i s  system f o r  test 

w a s  t o  improve on t h e  K p 
System No. 1. In addition, i t  w a s  considered of g rea t  importance t o  

evaluate  some of the  haiid1.ing f a c t  . rs  associated with the f a b r i c a t i o n  of 

mult i layer  systems using l i g h t  gauge aluminum f o i l s .  

:.erfozmance obtained w i t h  In su la t ion  

This system was a l s o  used t o  f u l f i l l  o ther  test  ob jec t ives  

associated with the measurement of the ground perforumce of 

multi- layer inbulations.  

c l o s e - f i t t i n g  bags and vacuum purge systems were invest igated with 

the No. 4 Insu la t ion  System. 

H e l i u m  purge systems usin& shrouds and 

b. In su la t ion  System Descrip<i*&. 

The s h i e l d s  and n e t t i n g  were formed and c u t  i n  e manner 

i d e n t i c a l  t o  those f ab r i ca t ed  f o r  t h e  No. i Insu la t ion  Systeu with one 

exception. Bechuge of t h e  t h i n  gauge of t he  aluminum foil, t he  f u l l  

spherical  curvature on the end sh lu lds  could not be achieved through 

pressure forming alone. 

e igh t  equ id i s t an t  r a d i i  f o r  a d i s t ance  of about 12 inches from the  

edge, 

10, and add i t iona l  d e t a i l s  are provided i n  Table 111-1. 

The p a r t i a l l y  formed sh ie lds  were s l i t  along 

The completed iq su la t ion  system is  shown In  Figures ISI-19 and 

The bag placed around the  in su la t ion  system after Tests 11-1 

and 11-2 were performed, was fab r i ca t ed  from a 2 m i l  polyester  

f i lm  aluminum f o i l  laminace.. The s i d e  sheet  was c u t  and gored 

i n  a manner similar t o  t he  s i d e  sheet  of t h e  multi- layer.  

The ends were pressure formed a l s o  l i k e  the aluminum sh ie lds  a t  the 

tank end, 

as t he  calorimetez tanks. The d i e  was b u i l t  up so t h a t  when thebag w a t  

i n s t a l l e d  on the tank, s u f f i c i e n t  f r e e  space was a v a i l a b l e  so as not 

t o  r e a t r a i n  o r  p l ace  pressure on the  mult i layer  insulat ion.  

of a l l  j o i n t s  i n  the bag were but ted and sealed with t h e  lawinated 

miterial containing a pressure s e n s i t i v e  adhesive on one s ide.  

The bag was assembled over a d i e  of t h e  same s i z e  and shape 

The edges 

TAJ 
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bag contained tube c o n n z c t i o s  a t  the  top and b o t t m  for purging and 

cvacucltiilg the bag. 

lead wires. 

Anor:=r connection was provided f o r  t he  tkemocoup,e 

idhen the bag was i n s t a l l e d  on the tank, a seal was made a t  the  

support c o i m  through the use e€ a urethane foam. 
is shown i n  Figure 111-21 being purged w i t h  dry gas. 

the bag is shown in t he  evacuated condition. With a l imited effort, 

the bes t  vacu~ l l  achieved In  the bag was about 125 m of merc*iry. 

The ccmp'lcted bag 
I n  Figure XII-22, 

c. Test CondiLions 

The heat f l ux  t o  Insu la t ion  Systsm No. 4 was measured under a 
variety of test conditions including both space and ground environments. 

N i r s  major tests ver3 performed a t  the ADL test C a c i l i t i e a  i n  Cambridge. 

The test condi t iow and ?peri .mntal  r e s u l t s  that were obtained are 

ident i f ied below. 

-.- Test I. . 
This war, the  firet t e a t  performed after appl icat ion of 

-3pace Gnvircmnent - E n t i r e  Insu la t ion  AcC:vs) 

the insuiat ioc s j - s t a .  

f t l l  vacuwn i n  the ADL chamber and a l l  b a f f l e s  operated a t  near roan 
t enpera ture. 

The f lux 30 the calorimeter was measured with 

Test 11-1B and 11-1C (Space Environment - Half Insu la t ion  

These ace camplamentary tests performea in the chamber 
Active) 

with full vacuun t o  deterdine the  heat leak through the  upper and 

lower half of the insulatim separately.  

L d f l e  was temperature control led with water while t h e  upper b a f f l e  

temperature vas ccntrol led with l iquiC d t r o g e n .  

I n  test 1 1 - l B ,  the lower 

In  test 11-lC, the b a f f l e  conditions were reversed. 

-- Test 11-2 (Chamber Purged with 1 Atmosphere of H e l i u m  Gas) 

Thi6 tes t  waa perforsed with the calorimeter i n s r a l l e d  in 

The chmber the  chaml.sr t o  simulate a shrodded tank configuration. 

space was continua!ly purged with helium a: a pressure of one 

atmos-.here.. 

uater  and used t o  Because of t h e  

high venting rat*- the calorimeter,  no l i q d i d  coolant was s u p p l h d  

t o  the cold g u r d  cJn the vent sunport. 

The chambar b a f f l e s  were temperature control led vith 

AuLate :he space ve . ' i c l e  shroud. 
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Test 11-3A (Ground Atmobphere - Helitan Purged Bag) 
This test was performed i n  the  prevsil i . lg na tu ra l  ground 

environment while a bag purged with helium surrounded the  insulat ion.  

The calorimeter was suspended frcma h o i s t  scale t o  measure the  l i qu id  

ni t rogen b o i l  off rate. I n  addi t ion,  the  gas volume rate was measured 
i n  the  vent system. 
at the s tar t  of the  test. 

The calorimeter was f i l l e d  with l iqu id  nitrogen 

T e s t  11-38 (Ground Atmosph, :e - Vacum Purged Bag) 

Like test II-M, t h i s  test was a l s o  performed i n  the 

prevai l ing na tu ra l  environment. 

previously used with a helium purge. Because of leaks i n  the system, 

we could not  achie-Je a vacuum less t h  125 mn Hg. 

that gas conduction w a s  as important as s o l i d  conduction i n  es tab l i sh ing  
heat transfel- w i t t i n  the bag. 

imprints i n  the  bag becanie c l a a r l y  v i s i b l e  as can be seen i n  Figure 111-26. 

Also, the i a s u l i t i o n  gave a clear metallic s c u d  when s t ruck  with t he  

hand. When l i qu id  ni t rogen was placed i n t o  the calorimeter, f r o s t  

formed on the  bag as E h w  i n  Figure 111-25. 

We evacuated the  bag that had been 

Thus, w e  expect 

When the bag was evacuvted, the  s e t t i n g  

T e s t  11 -3C (Space d n v i r m e n t )  

Because of the  pressure exerted ori the evacuated 

multi- layer during test II-3B, we expected t h a t  t he  insulation thermal 

performance might have becane permanently degraded. 

tnprefore,  returned t o  the  chamber f o r  space simulation tests.wiLh 

the  bag st i l l  in place. The one inch vacuum connection in  the bag 

opened to  the chamber space. 

The system was, 

Test 11-4A (Space Environment) 

This test was a repeat of test 11-3C except thar t \ e  

vacuum bag was removed t o  permit more e f f ec t ive  evacuation of the 

insulat ion.  (Figure 111-27) 

.T es t I1 - 42 (Depress u r  i z a  t ioa) 

We cbtained q a l i t a t i v e  information of tSc e f f e c t  of 

rapid depressuriaation of a uul t f - layer  insu la t ion  on t he  mechanical 

i n t e g r i t y  of sh ie ld  anu spacer. Insu la t ion  System Xo. 4 was used f o r  
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t h i s  purpose i f t e r  test 11-4A was completed. Calorimeter No. 2 was 

placed i n t o  the  ADL chamber and the  chamber evacuated a t  t h ree  d i f f e r e n t  

rates i n  successive tests. The t ime-pressure transient of t he  chamber 

f o r  each test is shown i n  Figure 111-28. 

d. Test Resul ts  and Dificussion 

Tes ts  11-1A. -3C and -1A 
The data  -otained wi th  T-sulation System Yo. 4 under 

simulated space condi t inns are sumnarited below. . 

Measured Adjusted 
F l u x  Flux T e s t  Tank - Test  Btu/hrf t Btu/hr f t  F a c i l i t y  Liquid 

11-u .37 .47 ADL 

11- 3C 1.4 1.56 ADL 

1144 .83 .91 ADL 

m 2  
m2 

m2 

Under the  condi t ions of test 11-U, t h e  hea t  leak 

performance of Insu la t ion  System No. 4 should have had a value 

between 0.22 and 0.40 Btu/hr-f t . The former value is based upon the  

experimental r e s u l t s  obtained w i t h  t he  thermal conduct ivi ty  apparatus 

i n T a t t  2030 and includes the  e f f e c t s  of s o l i d  conduction and t h e  

v a r i a t i o n  of sh ie ld  emissivi ty  with temperature. 

is computed from results obtained with the  Emissometer, reported 

herein i n  P a r t  N, which y i e l d  average emissivi ty  for a l m i n m  

of 0.035. 

conduction nor of any JQpenJenze of sh i e ld  emiss iv i ty  on s h i e l d  

tearperature. 

2 

The l a t t e r  value 

I n  this c q u t e d  f lux ,  no accoun: is taken of any s o l i d  

The value of h e s t  f l u x  measured i n  test TI-lA i s  0.38.Btu/hr 

is i n  the  prescr ibed range, FurthGr, t h e  t h e J r e t i c a 1  temperature 

d i s t r i b u t i o n  compares very c lose ly  wi th  the  ex2erimental values as 
indicated i n  Figure I T - 2 3 .  Houever, during app l i ca t ion  of the 

insu la t ion ,  electrical sho r t€  were measured between sh ie lds  and, 

therefore ,  sane so’ ’ conduction ~ o t h s  were knowr- t o  exist. Wa bel ieve,  

therefore ,  while thh results obtained ind ica t e  good qreemes-t, both 
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with the computed and thermal conductivity apparatus  values,  t he  system 

is s t i l l  capable of improvement. 

The heat  f luxes  measured i n  tests 11-3C and 11-4 are  
2 1.4 and 0.83 Btu/hr-f t  respect ively.  As can be seen, these  f luxes  

are gredter  than that measured i n  t e s t  11-IA. 

d e f i n i t e l y  degraded when t h e  hag was evacuated p r i o r  to these  tests. 

The high heat  flux obtained i n  test 11-3C compared t o  t e s t  11-4A i s  

a t t r i b u t e d  t o  the  presence of the  bag around the  in su la t ion  which 

probably retarded the pump down of the  insu la t ion  and an added heat 

leak w a s  thereby contr ibuted by gas conduction. 

ac t ing  on the  in su la t ion  nay have a l s o  increased t h e  s o l i d  conduct im 

heat  f lux.  

The in su la t ion  w a s  

The weight of t h e  bag 

The multi-layer temperatures measured i n  tests 11-3C 

and 11-4A are shown i n  Figure 111-23. 

similar. 
l i n e a r  than expected. 

than that shown f o r  test 11-U. 

tank and sh ie ld  No. r a r e  g rea t e r  than expected. 

data of test II:3C, w e  compated the  r ad ia t ion  component and by di f fe rence  

the  s o l i d  conduction components of heat flux. 

The results f o r  both tests are 

The Zradients i n  the  outer  four  sh i e lds  a r e  smaller and more 

Shield No. 2 in both cases  is about 60% higher 

Further ,  t he  grad ien ts  between the  

Pran t h e  experimental 

These are suamarized below. 

(Q /A) (Q /A) (QfA) 
Shield Radiation, Conduction To ta l  - Shis ld  No, Temp. (%) (Btulhr-ftL) {Btu/hr-ftz) (Btw'hr-ft? 

Tank Wall 1 43 
.71 0.69 1.4 

1 Not ava i 1. 

2 43 1 

3 453 

4 46 7 

5 493 

Baff le  5 26 

:i28 1.172 1.4 

,165 1.235 1.4 

,345 1.055 1.4 

1.1 0.3 1.4 
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These r e s u l t s  would ind ica t e  t h a t  s o l i d  conduction heat  t r a n s f e r  

dominates i n  the  outer  four s h i e l d s  while the r a d i a t i o n  and conduction 

components are near ly  eaual i n  the  space Letween t h e  tank w a l l  and 

sh ie ld  No. 2. 

In t h e  case of test 11-4A, the  computed r a d i a t i o n  hea t  

f luxes as tabulated below are similar to those of test 11-32 because 
the temperature g rad ien t s  are similar. The s o l i d  conduction component 

(Q /A) 
Shield To ta l  Measured 

Shield No. Temp.(OR) (Btu/hr-ft') 

Tank Wall 160 

1 

2 440 

3 464 

4 480 

5 505 

Baffle 5 29 

.83 

.83 

.83 

.83 

'. 83 

(Q /A) (Q /A) 

9 Radiation Conduct i o  
(Btu/hr-ft') (Btu/hr-f t  ) 

.76 

.27 

.20 

.36 

.80 

.07 

.56 

.63 

.47 

.03 

is smaller, hwever ,  because -he measured heat  flow wa6 r e u c e d  when 

the  bag w a s  removed. 
The l a r g e  amount of s o l i d  conduction i n  the ou te r  l aye r s  

of t h e  insulatior,  is explaiued as follows: 

compressed by t h e  vacuum bag and the  sh i e lds  and spacers became 

"packed" or compressed, 

evacuated chamber and the  e f f e c t  of atmospheric pressure was removed, 

the l aye r s  of i n su la t ion  near t h e  tank werelowered i n  temperature t o  

a g r e a t e r  degree t h m  any of t he  others.  

have created a s u f f i c i e n t  contract ion i n  the  a f f ec t ed  sh ie lds  an6 

spacers t o  c a u s e t h e i r  separat ion from t h e  ?ack. Thus, they acted 

more near ly  l i k e  floating sh ie lds  and spacers free of con tac t s  tbsn 

the  outer  layers.  

The insulsdon was 

However, when the system was cooled in t h e  

The lwei tcsperatures  may 

111-75 



The data  obtained i n  these tests can a lso be used t o  

demonstrate t h e  presence of gas i n  t he  mul t i - l aye r  during t e s t  II-3C. 
The computed conduction component between the  tank w a l l  and sh ie ld  

2 No. 2 is .69 Btu/hr f t  f o r  test I I - 3 C  and .09 Btrt/hr ft’ €or tes t  11-4.4. 

I f  t he  former were assumed t o  be due t o  s o l i d  conduction, the decrease 

cxperienced i n  test II-4A could not  have occurred. 

we are a b l e  t o  account f o r  the heat f lux  between the  tank and sh ie ld  

No. 2 both from the  s h i e l d  temperatures and sh ie ld  emissivities, the re  

is probably l i t t l e  conduction of any kind i n  t h i s  region. 

t h e  conduction present  i n  t h i s  region during test II-3C was due very 

l i k e l y  t o  the  presence of gas i n  t he  mult i - layer .  

Since i n  tes t  II-WI, 

Therefore, 

Test I I - 1 B  and 1C 
The use of t h e  s p l i t  b a f f l e  in  t h e  chamber t o  create a 

s t e p  change i n  the r a d i a t i o n  environment is a useful  m e t h o d  for  

i s o l a t i n g  t h e  upper and lower tank areas t o  study penetratioti ,  

g r a v i t y  and other  i n s u l a t i j n  e f f e c t s .  T e s t s  I I - 1 B  and I I - 1 C  were 
performed t o  increase our experience vith the use of t h i s  method. 

The a n a l y t i c a l  r e s u l t s  (4)indicate t h a t  t he  integrated 

heat  f l u x  i n  the  area of the  b a f f l e  s p l i t  (boundary between the  upper 

and lower baff le)  f o r  a warm upper md cold lower are the  same AS when 

the  temperatures are reversed. Thus, t h e  complete i s o l a t i o n  of a tank 

sec t ion  and s y m e t r y  of t h e  heat  f l u x  a: t h e  s p l i t  should r e s u l t  i n  a 
t o t a l  neat  flow, as frm two tests such as: I I - 1 B  and I I - l C ,  that is 

equal t o  t h e  heat flow obtained when t h e  both b a f f l e s  are a t  the  

warmer temperature, i. e. , test I I - W ,  

The sum of t h e  heat  f l u x  obtained i n  test II-1B and I C  i s  

This is compared t o  the  hea t  rate obtained i n  test LI-IA 
The d i f f e rence  between t h e  two heat  rates 

19.2 Btu/hr, 

which averages 14.6 Btu /hr .  

i s  4.6 Btu/hr, which is a very s i g n i f i c a n t  percentage of the t o t a l .  

i s  t o  b e  noted that a similar r e s u l t  was obtaindd when Lest6 performed 

with No. 3 Insu le t ion  System were compared, i .e. ( tests I-%, E, C, and D 

compared t o  I-5E and P). 
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It is poss ib le  that the sur face  m i s s i v i t i e s  of the  
a c t u a l  b a f f l e s  vary s i g n i f i c a n t l y  from those used i n  the  t h e o r e t i c a l  

computation. This could r e s u l t  i n  an unsymmetrical d i s t r i b u t i o n  of 

hect  f l u x  a t  the  in su la t ion  sur face  i n  the  v i c i n i t y  of t he  s p l i t  

locat ion.  

pa t t e rns  measured a t  t he  in su la t ion  su r face  in  tests I-5E and F a t  the  

s p l i t  locat ion.  Every e f f o r t  should be made i n  f u t u r e  tests t o  obtain 

added experimental information t o  explain the  e f f e c t s  noted i n  t h i s  

discussion because the  s p l i t  b a f f l e  arrangement can be used i n  an 

impostant way t o  study mult i - layer  i n su la t ion  performance. 

This  contention is contradicted by the  symnetrical  temperature 

Test  11- 2 

This test simulates t he  configurat ion and condi t ions 

of a cryogenic propel lan t  tank wi th in  a helium purged airframe shsoud. 

It i s  an important test because it v e r i f i e s  t he  expected heat  t r a n s f e r  

modes and makes L i l a b l e  usefu l  experimental hea t  f l u x  data. 

I n  the  a n a l y t i c a l  model, t he  calor imeter  tank and 

chaaber b a f f l e s  a re  assumed t o  be  c y l i n d r i c a l  w i t h  f l a t  ends. 

diameters and sui-face areas a r e  t o  be the  same as t h e  test counterpar ts .  

The tank and be{ f l e  temperatures used i n  the  computation are taken as 
the  experimental values. 

an  average thickness of 0.25 inches. 

space gas. 
preoented in Figure 111-ma. 

The 

The mult i - layer  i n su la t ion  w a s  a-:-tned to  have 

H e l i u m  was chosen as t he  purge 

ThJ computed hea t  flow and in su la t ion  temperatur-is are 

I n  the  ca i cu la t ions ,  a bulk temperature was assumed 

for t he  gas  in t he  space between the  taak and ba f f i e s .  The f r e e  

convection coe f f i c i en t s  were next canputed f o r  each of t he  th ree  

sur faces  on the  tank and b a f f l e ,  i . e . ,  vertical sur faces ,  hor izonta l  

surfaces  facing up and hor izonta l  surfaces facing dam.  

t o  or from each aurface was canputed using the  sur face  areas and the  

temperature d i f f e rence  between the  sur face  and bulk gas. 

hea t  flow t o  the  tank and from the  Wff les  were equated. 

were not  near ly  equal, a new bulk temperature was chosen and new heat  

ro tea  * 

The hea t  flow 

The t o t a l  

I f  t he  two 

I '  
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The p r inc ipa l  assumptions used ir. the  ca l cu la t ion  

were: (1) t h a t  t he  gas bulk w a s  uniform throughout t he  gas space, and 

(2) t h a t  t he  tank and b a f f l e s  t ransfer red  heat with the  bulk independent 

cf one another, except f o r  t he  f a c t  that the  in tegra ted  heat  r a t e s  t o  

each bwndary are equal t o  one mothe r .  

t r a n s f e r  through the  mult i - layer  took g l a c e b y  gas conduction. 

t he  pe r t inen t  experimental and canputed values  a r e  compared below. 

We a l s o  assumed t h a t  heat  

Two of 

Heasured Values 
Tes t  11- 24 Computed Values 

Calorimeter Heat Rate (Btu/hr) 11400 11600* 

Outside Mult i - layer  Temperature 283% 275% 
a t  Side of Tank 

The experimentally measured d i s t r i b u t i o n  of 

temperatures wi th  the  in su la t ion  system are presented i n  P iguie  111-23. 

The gradien t  i n  rhe mult i - layer  i s  almost l i nea r .  The measured hea t  

i i u x  obtained with the  f i v e  sh i e ld  mul t i - layer  was 290 Btu/hr-f t  . 
P a s t  experience ind ica t e s  that t h i s  approaches acceptable  values of 

allowaLl9 hea t  h a k s  f o r  cryogenic pDopellant tanks i n  a ground 

environment. 

over measured values by approximately 20 p e r  cent, because of t he  

enlarged d i f f e r e n t i a l  temperature. 

mul t i - layer  would resul t  in a reduct ion of t he  heat  f l u x  under the  

condi t ions being considered E;ecause an added thickness  of gas i n  t he  

l aye r s  increases  the  thermal r e s i s t ance  of the  system. 

2 

The hea t  leak t o  hydrogen f i l l e d  tanks w i l l  be increased 

An increase i n  the  thickness  of t he  

tarik t o  cont ro l  

purged airframe 

airframe shroud 

compared t o  the  

use of a bag. 

Tes t  11- 3A 

Use of a he- :  9 purge gas  around a cryogenic propel lan t  

t he  ground envivonment is an a l t e r n a t e  method t o  a helium 

shroud. This technique can he appl ied when the re  is no 

avai jable ,  when the  propel lan t  tank volume is small 

shrouded volume, or f o r  o ther  reasons which d i c t a t e  the  

* 
Average of tank value (12,420 Btu/hr) and b a f f l e  value (10,718 Btu/hr) 
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Test II-3A is  a s imulat ion of t he  helium purge bag 

Time a t  the  J-4 f a c i l i t y  t o  perform these  tests w i t h  hydrogen technique. 

was not ava i l ab le ,  

f a c i l i t i e s  i n  Cambridge, however, can be su i t ab ly  in te rpre ted  t o  

ind ica te  the  typ ica l  hydrcgen performance. 

The r e s u l t s  obtained with n i t rogen  a t  the  ADL 

For the  a n a l y t i c a l  model, w e  assumed the  calor imeter  

t o  be a c y l i n d r i c a l  vesse l ,  48 inches i n  diameter and 14.3 inches deep 

having the same area as the  test tank. The bag spaced away from t he  tank 

sur face  a d is tance  of f r m  .4 t o  1.0 inches dependiag upon location. 

mul t i - layar  i n su la t ion  was contained In this space. Tfie p rope r t i e s  of 

helium gas were usad for computing the  conduct ivi ty  of t he  purge space 

and air p rope r t i e s  were used i n  evaluating convection c o e f f i c i e n t s  outsfde 

of t he  bag. 
The r e s u l t i n g  cond1tfonsYand c r l c u l a t i o h s  are s-rized ... . in Figure  III-30b. 

2 2 was 165 Btujhr - f t  compared t o  a canputeJ value of 250 B t d h r - f t  . 
tempsrature d i s t r i b u t i o n  i n  the  in su la t ion  system is presented in  

Figure 111-23. 

l i n e a r l y ,  

t he  tank s i d e  are i n  good agreement, f e e . ,  324% experimental vs. 327OR 

f o r  t he  measured value. 

due poss ib ly  t o  the  neglected a f f e c t s  of the  f r o s t  which was observed 
to  have formad on the  bag during the  test. 

The 

The e f f e c t s  of f r o s t  formation on the bag were not included. 

In comparison, t he  hea t  f l u x  measured i n  test II-3A 

The 

Temperatures within the  mult i - layer  are d i s t r i b u t e d  

The computed and measured temperatures of the  purge bag at 

The g r e a t e r  value of t he  computed f l u x  i s  

I f  hydrogen had replaced ni t rogen i n  t e s t  II-3A, w e  

For es t imate  that the  r e s u l t s  would not have been g r e a t l y  d i f f e r e n t .  

example, as i n  the  case of ni t rogen,  t he  bag surface would have r a i n e d  

above the  condensation temperature of air  (145%). 
is assumed t o  ).e somewhat above t h i s  value a t  18SoR, we estimate a heat  

flow through the  .4 inch purge space of 145 Btu/hr - f t  . 
heat  flow t o  a cryogenic sur face  a t  185% i n  a n a t u r a l  ground 
environment ind ica t e  that about 960 Btu/hr-fc 

If t he  bag sur face  

2 Data cn the  

2 can be expected 
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i n i t i a l l y  with no f r o s t  on the  surface.  

presence of f r o s t  reduces the  f l u x  t o  about 480 Btu/hr-ft  . 
Afte r  a period of one hour, t h e  

2 This value 
2 is s t i l l  consideyablyabove 145 Btu/hr-ft  . Thus, 'f t h e  heat  flux 

through t h e  purge space is increased above 145 Btu/hr-f t  , t he  bag 

surface temperature w i l l  rise above 185OR and away f r a n  the condensation 

temperature. 

but probably l e s s  than the  ca l cu la t ed  and measured temperatures f o r  t h e  

2 

We expect the bag t o  take OP temperatures about 200%, 

l iqu id  nitrogen case. 

Test 11-3B 
Tile pressure i n  t h e  mult i - layer  i n su la t ion  in s ide  of 

t he  vacuum bag was appro;simately 125 m Hg. 
tl-p_ gas i n  the  multi- layer was mainly air .  

gases a t  t h i s  pressure l e v e l  is r e l s t i v e l y  independent of pressure,  The 
heat  f lvx due t o  the  presence of t he  gas can the re fo re  be  canputed. The 

approximate bag ou t s ide  temperature during the  test was about 324OR. 

d i f f e r e n t i a l  temperature across  the  in su la t ion  is, therefore ,  184OR. 

a gas conductivity of 0.1 Btu-in/hr-ft2-%, t h e  computed heat  flow is 
2 142 Btu/hr-ft  based on an in su la t ion  thickness of .125 inches. This 

compares with 234 Btu/hr-f t  which is t h e  value measured i n  test If-3B. 

The d i f f e rence  in  these values, 92 Btu/hr-f t  , should be r ep resen ta t ive  

of t h e  s o l i d  conduction e f f e c t  which r e s u l t s  fran compression of t h e  

in su la t ion  by the vacuum bag and/or water vapor and carbon dioxide 

which were pumped into the system and condensed. 

t h e  value very near t h a t  which would have t o  be  obtained if a s u f f i c i e n t  

vacuum had been achieved i n  t h e  multi- layer.  

As t h e  bag leaked badly, 

The thermal conductivity of 

The 

For 

2 

2 

This a l s o  represents  

The temperature d i s t r i b u t i o n  measured within the. 

i n su la t ion  system is .shown i n  Figure 111-23. 

within the  multi- layer,  the s h i e l d  temperatures have an anomolus 

d i s t r i b u t i o n ,  L a . ,  sh ie lds  4 and 5 are lower i n  temperature than 

It is t o  be  noted that 

sh ie lds  2 and 3. 

of t he  sh i e lds  t h a t  r e s u l t s  from the atmospheric p re s su re  ac t ing  upon 

the bag. 

terns of t h e  sh i e lds  a f f ec t ed  and the  loca t ion  'n t h e  shield6,  The 

We bel ieve t h i s  condi t ion is due t o  t h e  sho r t i ag  

This  short ing is q u i t e  ?robably a random phenomena both i n  
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thermocouples from which the  data  presented i n  Figure 111-23 were 

obtained, were i n  the  same genera'. a r ea  a t  the  side of t he  tank but  

were not p rec i se ly  aligned. Therefore, each thermocouple is probably 
located i n  an a rea  having d i f f e r e n t  temperature gradients .  Thus, when 

the  thermocouple results a r e  presented together ,  an  impcssible grad ien t  

is produced. Thus, t he  temperature d i s t r i b u t i c n  shown in t he  f i g u r e  

is not  t o  be taken ser iously.  

e. Summary 

The results of these tests may be sumnarized as follows: t he  

1 / 2  m i l  aluminum shie lds  used i n  the  f i v e  sh ie ld .mul t i - layer  r e su l t ed  

i n  a measured heat  f l u x  of '38 Btu/hr-f t  . This .va lue  w a s  l e s s  than 

predicted (,40 B d h r - f t 2 )  based upon measured sh ie ld  emissivities and 

g rea t e r  thsn the  value obtained with the  thermal conduct ivi ty  

apparatus (. 22 B t u / h r - f t S .  

2 

After  undergoing t e s t s  a t  atmospheric condi t ions with helium 

purges and p a r t i c u l a r i l y  the  t e s t s  performed with a vacuum bag, t he  

i n s u l a t i m  heat flux i n  simulated space condi t ions w a s  de t e r io ra t ed  
2 by a f ac to r  of two t o  a value .83 B t v l h r r f t  , 

The thermai performance of t he  mult i - layer  was measured 

under condi t ions simulating ground hold. 

tank resu l ted  i n  a heat  f1.u OC 290 B t d h r - f t  . 
a value of 165 . t*tr 'hr-ft by placing L helium purged bag around the 
insu la t ion .  The same bag evacuated t o  e pressure  of about 125 mn Hg 

2 resu l ted  i n  a f l u x  of 234 Btu/hr-f t  . 
lower pressures  within the  vacuum bag. 

purge bag methods of handling the  ground environment are p r a c t i c a l  

and do not produce unreasonable values of hea t  f lux.  

The helium purged shrouded 
2 This  was improved t o  

2 

We fob. 1 i t  d i f f i c u l t  t o  achieve 

The he l i tm shroud and helium 
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I n s u l a t i o n  System No, 5 
a. Introduct ion 

The hea t  leak t o  a cryogenic propel lant  tank can be l imited i n  

a ground environuent i n  seve ra l  ways. In tests performed with in su la t ion  

system No. 4 we demonstrated t h r e e  methods, i . e . ,  t he  use of a helium 

purged shroud, helium purge bag and vacuum bag. I n  these,  the multi-  

layer system was used t o  perform both the  space and ground insu la t ing  
functions. One a l t e r n a t e  approach t o  these methods i s  t o  provide two 

systems, one, a rnulti-leyer t o  perform the  in su la t ing  function i n  space, 
and the second t o  perform the in su la t ing  funct ion i n  the ground environ- 

ment 

In order  for t h i s  second system t o  funct ion e f f e c t i v e l y ,  it 

m s t  i s o l a t e  the tank surface,  which is a t  l i q u i d  hydrogen temperatures, 
from the environment of the  e a r t h ' s  atmosphere, F u r t h e r ,  it must 

e s t a b l i s h  a second su r face  whose temperature is above t h e  condena t i o n  

point  of a i r  (about - 3 1 5 w .  This can be accomplished with a membrane 

spaced a small d i s t ance  away from the hydrogen surface,  provided t h a t  

t he  volume between the two is  e i t h e r  evacuated or purged with helium. 

When t h e  space between the  membrane and the tank surface i s  

evacuated, t h e  atmosphere e x e r t s  a pressure on the membrane, tending 

t o  press  i t  against  the tank. 

the membrane assumes the temperature of the tank, which i n  t u r n  br ings 

about condensation of  a i r  and other condensables on the  ou t s ide  of t he  

membrane, 

the tank by some s t r u c t u r a l  media. 

I f  con tac t  between the  two is permitted, 

For t h i s  reason, i t  must be supported a t  a d i s t ance  from 

A l e o ,  the  i n t e g r i t y  of the membrane cannot be r e l i e d  on 

completely, as small punctures would admit the atmosphere t o  the  

hydrogen-cooled surfaces ,  which could jeopardize the i n t e g r i t y  of the 

vehicle.  The e f f e c t  of a f a i l u r e  in t h i s  membrane muat be reduced 

by preventing communication between the f a i l e d  region and' the other  

apaces t h a t  l i e  between the tank surface and the membrane. 

be accomplished by using support media in the  form of cel ls  which 

comunicate  gas mass from one region t o  another a t  extremely small 

r a t e s .  Further,  by bonding the support media t o  both the membrane 

This can 
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and tank sur faces ,  the  e f f e c t  of l oca l  f a i l u r e s  cannot spread t o  o t h e r '  
a reas  through the  i n t e r f a c e  spaces. Thus, t he  combined membrane a d  

support media o f f e r  t three-dimensional b a r r i e r  to the  passage of the  

.ocdensable atmosphere to  the  tank surface.  Therefore, the  smeller 

1 . 

between these spaces and the  atmosphere, the smaller w i l l  be the  

probabi l i ty  t h a t  any f a i l u r e  i n  the system w i l l  become perpetuated. 

apaces where condensables can c o l l e c t ,  and the smaller the  passages.  

This l a t t e r  statement has served as the  p r inc ipa l  guide used 

i n  evolving the  ground insu la t ion  component of Insu la t ion  System No. 5 .  

It was the  p r i c c i p a l  ob jec t ive  of t h i s  p a r t i c u l a r  e f f o r t  t o  develop 

and tes t  t h i s  ground system by i t s e l f  and i n  combination with a multi- 

layer  insu la t ion .  

b. Insu la t ion  System 

(1) Ground System 

( a )  Se lec t  ion 
- 

The heaf leak t o  a hydrogen-fil led vehicle  tank in the  ground 
2 environment should not exceed 100 BTU/hr/ft . Low-density r i g i d  foams 

of the  polyurethane and polystyrene va r i e ty  have in su la t ing  performances 

t h a t  a r e  s u i t a b l e  fo r  meeting t h i s  requirement. 

inch thickness of 5 - lb / f t3  dens i ty  urethane foam can maintain th in  

hea t  leak requirement. 

For example, a 1/20 

Polyester  honeycomb, cork board, and urethane foam systems 
were considered. 

i t  had a c losed-ce l l  s t r u c t u r e  and it could be foamed i n  place t o  any 

desired contour and shape while a t  t he  8ame time serving a s  its own 

bonding agent. 

l a t i t u d e  with regard to important proper t ies  such as mass dens i ty ,  ce l l  
s i z e  and sur face  c o n t r o l ,  than the  other  media, 

Urethane foam was f i n a i l y  se lec ted  c h i e f l y '  because 

Fur ther ,  the  urethane foams have a f a r  g rea t e r  

Cut t ing foam f r o s  logs is a conmOn technique fo r  obtaining 

foam shapes to  f i t  over curved surfaces ,  

technique is t h a t  foam layers  of uniform dens i ty  can be  obtained. 

However, t he  open c e l l s  a t  the c u t  sur faces  absorb la rge  q u a n t i t i e s  

of adhesives when they a re  a t tached to the  tank and membrane surfaces .  

This e f f e c t  car. be reduced comiderably  by foaming t o  the  required 

One advantage of t h i s  
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shape i n  molds. Thus, the foam surfaces  a re  smooth and r equ i r e  a 

minimum quant i ty  of bonding agent f o r  attachment. The need f o r  a 

bonding agent can be removed by foaming the required thickness t o  che 

tank surface.  

(b) S t r u c t u r a l  Tes t s  Approach 

I n  the ground environment, the subs t r a t e  i n su la t ion  becomes 

the predominant thermal r e s i s t ance  r e s t r i c t i n g  the hea t  flow t o  the  

propel lant  tanks, Thus the tank s i d e  of the in su la t ion  is  a t  the 

s tored propel lant  temperature, and the outer  surface is a t  a tempera- 

t u r e  near t h a t  of the  ambient environment, In t h e  space environment, 

the multi-layer becomes the predominant thermal r e s i s t ance ;  and, 

t he re fo re ,  t he  temperature of t he  e n t i r e  subs t r a t e  material c l o s e l y  

approaches t h e  propellant temperature. The temperature gradients  

and t r a n s i e n t s  introduce severe s t r e s s e s  into the  foam, in add i t ion  

t o  those r e s u l t i n g  from the  d i f f e r e n t  thermal contract ions taking 

place between the  tank wa l l  and foam, 

may cause shear and t e n s i l e  type f a i l u r e s  i n  the  foam s t r u c t u r e .  

The differentOa1 con t r ac t ions  

For i n i t i a l  t e s t i n g  of t h e  foams a test  procedure was developed 

by simulating the ground and space temperature enviornments i n  the t e s t  

specimens. Specimen panels were foamed in place aga ins t  a 12" x 6" 

sandblasted s t a i n l e s s  steel p l a t e  t o  which a copper tubing c o i l  had 

been soldered on t h e  back side.  The tes t  epecimen is c h i l l e d  i n  a i r  

by c i r c u l a t i n g  l i qu id  nitrogen through the c o i l ;  t h i s  t e a t  simulated 

the ground environment, I f  the : *cFmen did not delaminate from the 

p l a t e ,  a s  shown i n  Figure 111-31, or crask a t  t he  surface,  a s  shown in 
Figure 111-32, i t  was inanersed i n  l i qu id  nitrogen seve ra l  times t o  

produce severe thermal shock in t he  specimen and thereby simulate the 

space environment. I f  the  foam withstood the i n i t i a l  iamersion with- 

out  cracking o r  delaminating, it was cycled several t i m e s  between room 

temperature end l iquid ni t rogen temperature t o  t es t  i t s  endurance. 

Several  d l f f s c e n t  types of polyurethane foams w i t h  a range 

of d e n s i t i e s ,  were evaluated, 

marginal o r  unsat isfactory unless reinforced with a f ibrous f i l l e r ,  

though the re  a r e  s u b s t a n t i a l  problems involved in mixing the f i b e r  with 

A l l  foam8 t e s t ed  were found t o  be 
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t h e  

s t a r t s .  However, t h e  improvement in the s t rength p rope r t i e s  produced 

by the addi t ion of g l a s s  €?bet is subs t an t i a l .  Cyclic immersion and 

heating of t h e  reinforced form have f a i l e d  to cause any degradation 

of the foam with 10% g l a s s  f i b e r  added. I f  7.5% g l a r s  f i b e r  is added, 

there  may be s l i g h t  cracking of  the higher densi ty  foams on cycling. 

A t  5% glass f ibe r  addition, an improvement i s  noted, but cracking 

occurs in the  foams of higher densi ty  ( 5  to  8 pounds per cubic foot). 

Foam with a 2% g l a s s  f ibe r  a r e  only s l i g h t l y  b e t t e r  than the  un- 

reinforced foam. 

surfacing vei l  as reinforcements. 

the metal test p l a t e  and the  outer  surface while the r e e i n  vas cDamtd. 

Although both of these reinforcements produce some improvement, perhaps 

equivalent t o  the  u8e of 5% glass f ibe r  i n  the m i x ,  nei ther  approaches 

the effectiveness of the 10% g l a s s  f i b e r  addition. 

components and placing t h i s  mixture i n  the mold befDre foaming 

We have a l s o  worked with a g l a s s  s c r i m  and a g l a s s  

These were held in  place close t o  

(c) Materials Tested and Results 

We studied several  d i f f e r e n t  foam systems and the r e s u l t s  

achieved with them a r e  s-rited below: 

Chempol 1325-1428 (Freeman Chemical Corwrat ion)  

This is a Freon blown polyeeter bared foam. 

be varied by varying the amount of Freon added to the components. 

This foam cracked a-  1 sheared from the test p l a t e  a t  a l l  d e n s i t i e s  

from tu0 pounds up to e igh t  pounds. The cr8ckirrg vas more severe a t  

the higher dens i t i e s .  When 10% of chopped s t rand glasr  was added t o  

t h i s  foam, i t  w i ~ h s t o o d  iamersion and cycl ing a t  a l l  d e n s i t i e s  with- 
out cracking. 

The dens i ty  can 

Chempol 1372-1407 (Freeman Chemical Corporation ) 

This is a GO2 blown polyester based foam. It is formulated 

This was the most as supplied, t o  produce a two-pound density foam. 

promising foam t h a t  w e  tes ted p r i o r  t o  the  s t a r t  of t he  vork on 

addition of g l a s s  f ibe r  to the roams. This foam withstood immersion 

in liquid nitrogen withnut cracking or separating from the metal 

test  plate.  bwever, the foam consis ted or' widely varying ce l l  s i z e s  
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and had very poor compressive s t rength.  

the  high v i scos i ty  of t h i s  foam, i t  is d i f f i c u l t  to  m i x  g l a s s  

f i b e r s  v i t h  i t  and cause i t  t o  flow i n t o  t h e  forms. 

Fur ther ,  because of 

Nopco H-620N (Nopco Chemical Company) 

This is a high-dimensional s t a b i l i t y  foam made by 

Nopco for use i n  r e f r i g e r a t o r  insulat ion.  

blown polyester  based foam. Since the  Freon had a l ready  been 

added t o  the  components, it was poss ib le  t o  produce t h i s  foam 

only i n  a n m i n a l  tvo-pound density.  

had sane tendency t o  crack when inmersed and was i n f e r i o r  t o  

t h e  Chempol 1372-1407 Foam. Because w e  could not  a d j u s t  

t h e  dens i ty  of t h i s  foam, we did attempt t o  add g l a s s  f i b e r  

t o  it. 

It is a Freon 

A t  t h i s  densi ty ,  t he  foam 

Chempol 1320- 1407 (Freeman Chemical Corporation) 

This  f & n  is  a polyes te r  based Freon blown foam 
which, according t o  Freeman, is very s imi l a r  t o  the  1372-1407 

system, except f o r  t h e  subs t i t u t ion  of Freon as the  blowing 

agent !n place  of i n t e r n a l l y  generated C02. 

sune d i f f i c u l t y  i n  ge t t i ng  good closed-cel l  s t r u c t u r e  with 

t h i s  foam. W e  have.not  worked extensively w i t h  i t  because 

the  high v i scos i ty  of t h e  camponents makes admixture with g l a s s  

f i b e r s  d i f f i c u l t .  

We have encountered 

ADL Rigid Foam 

This is a formulation based on a quadro l - t r io l  

mix that i s  c d i n e d  with Hondur HR isocyanate. 

blown foam, and the dens i ty  can be var ied  over a wide range. 

The performance of t h i s  foam a t  two-pound dens i ty  -6 canparab& 

w i t h  t h a t  of t he  1372-1407 Chempol foam. However, i t  is 
somevhat lower i n  v i scos i ty  as mixed i n i t i a l l y  and is, therefore ,  

easier t o  handle and pour i n  place.  

v i scos i ty ,  t h i s  foam is favored f o r  use in g l a s s  fiber mixtures. 

It is  a Freon 

Because of t h i s  low 
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The formulation used for t h i s  urethane foam i s  a s  follows: 

1. Niax Trfol LK-380 Union Carbide Corp. 85 p a r t s  by weight 

2. Niax Pentol LA-700 15 parts by weight 

3. Freon 11 DUPont 20 p a r t s  by weight 

4. Dow Si l icone  113 Dow Corning Corp. 1.0 p a r t s  by weight 

5 .  Mobay Cata lys t s  C-16 Mobay Chemical Co. 0.5 p a r t s  by weight 

6. Mondur MI 109 p a r t s  by weight 

7. k inch chopped P i t t sbu rg  P l a t e  10% on the  weight of the  
s t rand  Fiber-  Glaaa Co. e n t i r e  formulation. 
g l a s s  X624 binder 

Jr 

Items 1 through 5 i n  the  formulation were premixed in 8 proper 

r a t i o  in order  t o  speed up the  process of mixing when we were applying 

f o a m  to  t he  tank. 

f i b e r ,  and Mondur MR were placed i n  a mixing vesse l  and mixed rap id ly  

f o r  approximately 30 seconds. 

of a Semco sea l an t  gun manufactured by Semco, Inc. of Englewood, 

Cal i forn ia .  

between the  mold and the  ca lor imeter  tank. 

Appropriate q u a n t i t i e s  of t he  premix, t he  glass 

The mix was then placed i n  the c a r t r i d g e  

The sea l an t  gun was used t o  i n j e c t  the foam-fiber mix 

Based upon s t rength  tests performed with l i qu id  ni t rogen and 

on the  ease of f ab r i ca t ion ,  it was decided to  use the  ADL Rigid foam. 

However, we considered it important t o  perform cold shock tests with 

l iqu id  helium and l iqu id  hydrogen p r i o r  t o  making the f i n a l  s e l ec t ion .  

The samples t o  be placed in l iqu id  helium consis ted of a 

foam thickness  on a 1 x 10 inch metal backing p l a t e .  The samples to 

be placed in l iqu id  hydrogen were c u t  from e f l a t  p l a t e  calor imeter  

sample d i sc ,  12 inches i n  diameter, which cons is ted  of %-inch thickness  

of foam applied to 1/8-inch th ick  aluminum p la t e .  Three samples, about 

4 inches wide, were c u t  from the  d i sc .  The helium tests were performed 

a t  A.D. L i t t l e ,  Inc., and t h e  hydrogen t e s t s  were performed a t  Lewis 

k- inch 

*"Equivalent mater ia l s  a r e  ava i l ab le  from Al l ied  Chemical under 
the  name of Genetron 11 and from other  suppliers". 
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Research Center. The minimum immersion time was about ten  minutes f o r  

a l l  t e s t s .  

of the  foam from the  metal backing p l a t e  a f t e r  soaking i n  the l iqu id  

helium and l iqu id  hydrogen environments. These r e s u l t s  confirm those 

we obtained previously by i m e r s i o n  of t he  foam bonded t o  5 x 12 and 

the l a rger  10 x 36 -inch sample p l a t e s  i n  l iqu id  nitrogen. 

We could find no evidence of sur face  cracking or delamination 

I n  addi t ion  t o  t e a t s  concerned wi th  the  mechanical performence of 

the se lec ted  foam, we measured its thermal and gas permeabili ty 

performance. 

were measured i n  f l a t  p l a t e  t e s t s  1062a and 1062b, respec t ive ly .  These 

vqlues a r e  c h a r a c t e r i s t i c  of foam insu la t ions .  

2 Thermal c o l d u c t i v i t i e s  of 0.15 and 0.11 Btu i d h r f t  9 

The permeabili ty of the foam was found to  be extremely small; 
i .e. ,  we measured a r a t e  of 8.4 x 10'' a td  cc of helium/sec. on a 
sample 7.95 cm2 i n  area and 1.27 c m  th ick .  

foam a c t s  very much l i k e  a n  impermeable membrane o r  gas b a r r i e r ,  

This  i nd ica t e s  t h a t  t h e  

These f i n a l  performance r e s u l t s  ind ica ted  the  s u i t a b i l i t y  of the  

ADL Rigid Foam f o r  use as the  subs t r a t e  of the  canpos i te  i n su la t ion  

system. 
tank t o  a thickness of 1/2 inch through the use of a p l a s t i c  form - -  
shown i n  Figures 111-33 and 34. 
at 120'F t o  a s su re  uniform foam dens i ty  throughout t he  layer .  

were sealed w i t h  foam t o  form a gap-free layer  around the  tank. 

neck was protected with Foam,. 

It was foamed i n  p l ace  i n  segments on t h e  calor imeter  

Both the  tank and form were maintained 

A l l  j o i n t s  

The 

(d) Vapor Barr ie r  

A laminate of aluminum f o i l  and polyes te r  f i lm  w a s  se lec ted  for 

use as the foam vapor b a r r i e r .  

tear r e s i s t ance  of such laminates as w e l l  as on t h e i r  low permeability. 

Samples of a 2 m i l  th ick  laminate cons is t ing  of a l m i l  alumiarrm 
core  and t w o  1/2 m i l  po lyes te r  f i lms were checked with a helium 

mass spectrometer and found t o  have a zero permeabili ty.  While 
t h i s  performance qu i t e  probably cannot be t o t a l l y  achieved over l a rge  

surface a reas ,  the tests ind ica t e  that a s u f f i c i e n t  gas b a r r i e r  could 

be obtained. 

This was based upon the  high s t r eng th  and 
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The performance of the vapor b a r r i e r  and of the  adhesive used 

t o  bond i t .  t o  the foam was determined from l i q u i d  ni t rogen tests of the 

6 x 12-inch p l a t e  mounted specimens. 

adhesive wire both tes ted.  

A urethane and a versamid-epoxy 

A p ropr i e t a ry  polyurethane adhesive mandactured by Narmco 

Materia:. fi Division, Whitaker Corporation was used t o  bond the  Alumiseal 
over the f o a m .  This  adhesive c o n s i s t s  of Narmco Resin 7343 with curing 

ageat  71,'5. 

cryogenic app l i ca t ions  because its bond s t r eng th  a c t u s l l y  increases  as 
the t e q e - a t u r e  is  lowered to  l i qu id  hydrogen tenperature.  

of bondin.; the A l u m i s e a l  t o  the tank i t  has the  add i t iona l  advantage 

t h a t  L t  8 es u r o u g h  a tacky s t a g e  i n  which i t  is very similar t o  a 
p r e ~ s u r e  riensitive adhesive. 

t o  form ;J t i g h t  bond and e l imina te  air entrapment under the  A l u m i s e a l .  

I n  some of our experimental work we have a l s o  used a n  epoxy 

Versamid adhesive which consis ted of e q u l  p a r t s  by weight of Epon 828 

manufacture.d by She l l  Chemical Company and Versamid 140 manufactured by 

Genera;. K i l l s ,  Inc.  
work and a l s o  has exce l l en t  room temperature po t  l ife,  bu t  does not have 

the prc.nc>unced tacky s t a g e  t h a t  i s  c h a r a c t e r i s t i c  of the  Narmco polyurethane 

adhesive. 

t o  the foam or i n  C,.ier app l i ca t ions  where the materials being bonded have 
sufficient s t i f f n e s s  that they may tend t o  p u l l  apart after they are 
assembled. 

It is  a r a t h e r  s o f t  rubbery adhesive t h a t  is used i n  

For t h e  work 

This pressure s e n s i t i v e  stage can be used 

This adhesive also has proven e f f e c t i v e  i n  cryogenic 

V t  is therefore  more d i f f i c u l t  t o  use i n  bonding the Alumiseal 

The v a p v  b a r r i e r  for t he  calorimeter tank w a s  formed i n  a 

manner similar t o  t h a t  used t o  f a b r i c a t e  the sh i e lds  i n  t h e  previous 

mult i layer  systems ftbrrcated, The b a r r i e r s  over the tank ends were 

pressure-fomzd in20 sphe r i ca l  segments. 

f i t  over the ta: . knuckle r a d i i .  A l l  j o i n t s  i n  the three main shee t s  are 
of the b u t t  Lype. 

containir  pressure-sensi t ive adhesive, The adhesion p rope r t i e s  of 

t h i s  t ..e we're t e s t ed  and found s a t i s f a c t o r y  a t  l i q u i d  ni t rogen and 

l i q  i d  heliutil temper&,ures. 

The s i d e  shee t s  were gored t o  

Each j o i n t  was then sealed with vapor .ba r r i e r  tape 

111- 103 



(2) Multi-layer Component 

It had been our i n t e n t  t o  apply a mult i - layer  system cons i s t ing  
of s h i e l d s  of k - m i l  polyester  f i lm  coated on both sides with gold. 

suppl ier ,  however, had d i f f i c u l t y  producing a uniformly-coated product 

with a n  acceptable coating thickness. It became necessary, therefore ,  

t o  s u b s t i t u t s  aluminum coating f o r  the gold coating. 
polyester  f i l m  which had been coated on both sides with vapor-deposited 

aluminum appl ied t o  a thickness of .about 400 A 

Our 

We procured 

0 

During the f ab r i ca t ion  of the  mult i - layer  component, the surface 

emittance of the sh5elds used in System No. 5 was rneasured on samples 

taken from material adjacent t o  t h a t  fromwhich the  tank s i d e  pieces  

were formed. 

deposited aluminum are presented i n  Table 111-17. 

4 2 1 A  and .035 f o r  the apparent thickness and emissivi ty ,  respect ively,  

with about 10% scatter i n  the data f o r  each property. The t h e o r e t i c a l  

heat  f l u x  f o r  System No. 5 mult i - layer  component, based on t he  average 

measured emissivi ty ,  i s  .49 BTU/hr f t  

The thermal conductivity of the foam is so high with respect  

of the mult i - layer  t h a t  the foam has l i t t l e  e f f e c t  on the t o t a l  hea t  f lux 

i n  the space environment. 

These da t a  and the measured apparent thickness of the vapor- 

The average values are 
0 

2 f o r  a n  80° F source temperature. 

to  that  

The p r inc ipa l  c h a r a c t e r i s t i c s  of the  composite i n s u l a t i o n  

The completed s u b s t r a t e  system t e s t e d  are presented i n  Table 111-1. 
system, including the foam and vapor b a r r i e r ,  are shown i n  Figure 111-35. 
The completed system with the mult i - layer  appl ied Over the s u b s t r a t e  is 

shown i n  Figure 111-36. The neck configurat ion used is s h a m  i n  Figure 

III-37A with the multi- layer.  

c. T e s t  Conditions 

S ix  s i g n i f i c a n t  tests were performed with f o a m  subs t r a t e ,  and 

t en  add i t iona l  tes ts  were performed with the composite i n su la t ion  system. 

The test conditions a r e  summariaed b r f e f l y  i n  the following paragraphs, 

while a tabulated summary is presented i n  Table 111-1. 

11) Foam Substrate Tests-J-4 F a c i l i t y  

T e s t  .I1-5A (Nitrogen boi l -off  a t  atmospheric conditions) 

The s t r u c t u r a l  i n t e g r i t y  and thermal performance of the foam 
subs t r a t e  and vapor b a r r i e r  appl ied t o  the tank calorimeter were t e s t e d  
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i n  ac tua l  grocnd condi t ions a t  the 5-4 f a c i l i t y ,  Plum Brook Sta t ion .  

The calor imeter  was f i l l e d  with l i q u i d  ni t rogen a t  the  beginning of the  

test and then allowed t o  b o i l  off f r e e l y  u n t i l  the contents  were depleted. 

The test had a dura t ion  of about ten  hours. 

t easured  continuously during t h i s  period; a t  the same time the  in su la t ion  

was under cont inual  observation, 

The boi l -of f  gases were 

The e n t i r e  i n su la t ion  surface was above the  f reez ing  po in t  

of water, as evidenced by the presence of condensed moisture and the 

absence of f r o s t  o r  i c e  formation. 

the vapor b a r r i e r  nor heaves or breaks i n  the foam, 

There were no apparent breaks i n  

Test  II-5B1 and B2 (Liquid Hydrogen boi l -off  a t  atmospheric 

These tests were performed i n  a n  i d e n t i c a l  manner t o  the previ-  

conditions) 

ous test except that l iqu id  hydrogen w a s  used as the  test f lu id .  

because of the shor t  run timas experienced with hydrogen, due to  its law 

l a t e n t  hea t  pe r  u n i t  volume compared t o  ni t rogen,  w e  performed two tests 
instead of a s i n g l e  test t o  obta in  add i t iona l  data. 

Further ,  

Moisture condensed on the  vapor b a r r i e r  sur face  as i n  test 
II-SA during t h e  performance of the boi l -of f  test. 

spot  of about 2 inches i n  diameter developed on the upper head of the  tank 

and a l i g h t  f r o s t i n g  developed on a quadrant s ec to r  of t he  bottom head 

during the test. 

moved from the  tank, but  no damage t o  the in su la t ion  system could be 

de tec tad. 

I n  addi t ion ,  a f r o s t  

These areas were inspected a f t e r  t he  hydrogen was re- 

However, the vapor b a r r i e r  on t h e  neck i n s u l a t i o n  developed 

a gas bubble on one s ide  represent ing almost 507. of the  area, 
a t t r i b u t e  t h i s  t o  a lack of any bond between b a r r i e r  and the  f o a m  and 

a l s o  t o  a poorly-formed foam s t r u c t u r e  which contained l a rge  voids  t h a t  

connected t o  the atmospheric environment. We bel ieve  t h a t  cryopumping of 

the atmosphere i n t o  the  void occurred, which resu l ted  subsequently i n  the  

W e  

large b l i s t e r  observed when t h e  calor imeter  was warmed, 

Tests II-5C and II-5D (Foam cold shock a t  atmospheric 

These tests were performed t o  check the s t r u c t u r a l  i n t e g r i t y  

of the foam s u b s t r a t e  under condi t ions of temperature p reva i l i ng  i n  the  

conditions) 
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space enviroment. 

ment, In test II-X, the tank was f i r s t  f i l l e d  with nitrogen. Next, a 

spray of l i q u i d  ni t rogen was d i r ec t ed  at  the outs ide of the in su la t ion  

a t  the top and bottom heads. The tank and spray nozzles were enclosed 

wi th in  a p l a s t i c  bag t o  insure cool-down of tank surroundings t o  l i q u i d  

ni t rogen temperatures. 

of about one hours. 

that hyd:rugcn was used instead of ni t rogen to  f i l l  the  tank. 

The actual test6 were performed in a ground environ- 

The spray t o  the  tank was maintained for a period 

T e s t  11-5D was performed in a similar manner, except 

NG d e t e r i o r a t i o n  of the f o a m  o r  vapor barrier could be detected 

However, a t  the completion of test 11-5D at  the corupie*;ion of test 11-SC, 

w e  observed 18 blisters that had developed i n  the vapor barrier, ranging 
i n  size from l# inches i n  diameter t o  the  l a r g e s t  on the  tank s i d e  which 

measured 8 x 2 1  inches. 

111-38. A total of 15 pe r  cent of the tank area w a s  affected i n  t h i s  

manner: Seventy-five p e r  cent  of the  b l i s t e r i n g  was evidenced as a 

delamination of the vapor b a r r i e r ;  i ,e , ,  the inner  po lyes t e r  f i l m  

laminate had delaminated from the aluminum and ou te r  f i l m  l aye r s ,  and an 
unident i f ied gas was present i n  the  delaminated area. 

b l i s t e r i n g  was due t o  f a i l u r e  of the adhesive which w a s  used t o  bond the 

vapor b a r r i e r  t o  the foam. 

almost half  the number of b l i s t e r e d  areas, both delamination and adhesive 

f a i l u r e  occurred together. 

i n  Table 111-16. 

A number of these  b l i s t e r s  are shown i n  Figure 

Only 257. of the  

It is important t o  note, however, t h a t  i n  

The r e s u l t s  of t hese  observations are s u m r i z e d  

Af te r  the calorimeter was returned t o  Cambridge, the b l i s t e r e d  

areas of the vapor b a r r i e r  were c u t  away and new vapor barrier patches 

used t o  r e p a i r  them. 

iersamid-epoxy blanded adhesive. 

p e s s u r e - s e n s i t i v e  tape. 

The patches were bonded t o  the foam as before  with 

The edges of each patch were sealed with 

T e s t  11-SE (Vaccum test of foam and vapor b a r r i e r )  

This tes t  w a s  performed at the  Arthur D. L i t t l e ,  fnc., f a c i l i t i e s  

in Cambridge a f t e r  r e p a i r  of t he  vapor b a r r i e r  was completed. 

develop assvrances t h a t  the vapor b a r r i e r  would not blow o f f  of the foam 

under vacuum condition and, thus, cause the  mult i - layer  i n su la t ion  system 

t o  fail, we subjected the foam and vapor b a r r i e r  t o  vacuum i n  the micron 

I n  order t o  
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range. 

imately room temperature. 

e n t i r e  i n w l a t i o n  system was held a t  -320%. 

f i l l i n g  <he calor imeter  wi th  l i qu id  n i t rogen  and a t  the  same time main- 

ta in ing  the chamber b a f f l e s  a t  -320'F. No degrading e f f e c t s  r e su l t ed  from 

these tests; and we, therefore ,  proceeded with the  mul t i - layer  appl ica t ion .  

I n i t i a l  t e s t s  were performed while the i n s u l a t i o n  was a t  approx- 

These were followed by tests' i n  which the 

This w a s  accomplished by 

(2) Foam and Mult i - layer  Insu la t ion  Tests-J-3 F a c i l i t y  

The f ive-sh ie ld ,  mult i - layer  insu la t ion ,  described previously,  

was appl ied t o  the  calor imeter  a t  the completion of test 11-33. 
calor imeter  was returned t o  the Plum Brook S ta t ion  f o r  t e s t i n g  with 

l i qu id  hydrogen i n  the  5-3 f a c i l i t y  chamber. 

measurements performed with the  emissimeter, w e  predicted a value f o r  

the heat  f l u x  of .49 BTU/hr f t  

The 

Based upon the  emittance 

2 f o r  i n su la t ion  system. 

Test 11-6A1 (Liquid nitrogen-space environment) 

The experimental' hea t  f l ux  of 1.54 BTU/hr f t 2  obtained i n  the  

We test w a s  approximately three  times grea t e r  than t h i s  expected value. 

a t t r i b u t e d  t h i s  r e s u l t  t o  the calor imeter  neck sh ie ld ,  which had been 

altered t o  acconrmodate the foam insu la t ion  t h a t  w a s  added t o  the  tank 

t o  form the  composite system. 

summarized i n  Table 111-17 
(See Figure 111-37A) The hea t  flux da ta  aLe 

Test 11-6A2 .(Liquid nitrogen-space environment) 

P r i o r  t o  t h i s  test, the neck sh ie ld  w a s  modified i n  the f i e l d  

t o  conform more c lose ly  t o  the design used i n  previous in su la t ion  systems. 

The modified configurat ion is  shown i n  Figure 111-37B. 

respec t  the  test condi t ions were a repea t  of Test II-6A1, performed 

previously. 

t o  .850 BTU/hr f t  

However, the hea t  f lux results were s t i l l  higher than the expected values. 

The values  are summarized i n  Table 111-17. 

I n  every other 

The average hea t  f l u x  of the  in su la t ion  system w a s  reduced 
2 as a result of modification performed a t  the neck. 

Test 11-6B (Liquid Hydrogen-space environment) 

Whereas tests 11-6Al and If-6A2 were performed with l i qu id  

ni t rogen i n  the  ca lor imeter ,  test 11-6B was perforated with l i qu id  hydrogen. 

The u8e of l i qu id  hydrogen should result, theo re t i ca l ly ,  in a f l u x  increase 
of no more than .01 BTU/hr f t 2 .  The experimental r e s u l t s  show a n  increase 
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2 of about .06 BTU h r  f t  t o  a n  average 

Test  11-6C (Liquid n i t rogen ,  
4a l f )  

The hea t  f l u x  values  obtained 

2 f l u x  of .91 BTU/hr f t  . 
space environment, warm bottom 

i n  tests 11-6A2 and 11-6B were 
n 

s t i l l  s i g n i f i c a n t l y  higher than the  expected hea t  f l u x  of .49 Btu/hr  ft'. 

We, therefore ,  decided t o  i s o l a t e  ccmpletely any inf luence the  

neck might have on the  heat  t r a n s f s r  t o  the  calor imeter  by reducing 

the  hea t  flow t o  the  upper ha l f  of the  tank t o  near ly  zero  value, 

w a s  accomplished by maLntafaing the-ypper b a f f l e  of the  chamber a t  

-320°F through the  use of l i qu id  n i t rogen  c i r cu la t ed  through the b a f f l e  

coil .  Under these circumstances, the  heat  f l u x  measured f o r  the bottom 

ha l f  of the tank in su la t ion  is .72 BTU/hr f t  . 

This 

2 

T e s t  11-6D (Liquid nitrogen-helium shroud) 

In t h i s  test we simulated the  vehrcle  conf igura t ion  i n  which 

the  propel lan t  tank is shrouded with the  veh ic l e  a i r - f rame and the  

space between the  two is purged wi th  gaseous helium. The t e s t  was 

performed i n  the  chamber a t  the  5-3 f a c i l i t y .  Test 11-6D i s  similar 
to test 11-2 performed with Insu la t ion  System No. 4 and similar also 

t o  test 11-9B performed subsequently a t  the  Arthur D, L i t t l e ,  Inc . ,  

f a c i l i t i e s ,  The data  are compared and presented i n  Table 111-19. 
I n  t h i s  t e s t ,  the  foam sur face  and outer  sh i e ld  temperatures 

were ava i lab le .  The data show t h a t  both of these  sur faces  are warmer 
a t  the top of the  tank and g e t  progressively cooler  i n  the  d i r e c t i o n  

of the tank bottom. 

during the  progress  of the  test can be seen i n  Figure 111-39. 

a s c r i b e  these time v a r i a t i o n s  t o  the f a c t  that the cooling water w a s  

not  used i n  the  chamber b a f f l e s  and jacke t  and the  e n t i r e  sys t sm,  

including the  chamber, was cooling with time. 

These gradien ts  and how they vary with time 

We 

-S.ubs$rate and Multi-layer Tests -A.D. L i t t l e ,  F a c i l i t y  

When the tank calor imeter  w a s  re turned t o  Cambridge, the 5-3 

tests were re-run i n  the  Arthur D. L i t t l e ,  Inc. chamber. P r io r  t o  

these tests, however, an asbestos  tape, placed there  p r i o r  t o  test 

I-6A2, was removed from the lwer end of the neck sh ie id  because i t  

appl ied pressure t o  the mult i - layer  and provided also a weak thermal 
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s h o r t  between the mult i - layer  and the neck shield.  

these tests are summarized i n  Table 111-18. 

The results of 

T e s t  11-9A (Liquid ni t rogen - space environment) 

This test i s  a r e p e t i t i o n  of tests 11-6A and 11-6B performed 

a t  the  5-3 f a c i l i t y .  The in su la t ion  was placed i n  the simulated space 

environment t o  obtain heat  f l u x  measurements with both upper and lwer 
b a f f l e s  a t  about room temperature, 

Test 11-9A was divided i n t o  three periods as shown i n  the table .  

The average hea t  flux obtained i n  over 120 hours of test is  .78 BTU h r  
2 f t  . Compared t o  the similar test II-6A2 performed a t  5-3, t h i s  

represents  a n  8% improvement (based 011 adjusted heat  f l u x  values) ,  f o r  

which w e  bel ieve the  removal of the asbestos  from the  neck is a t  least 
p a r t l y  responsible.  

Test 11-9C2 (Liquid nitrogen-warm bottom ba f f l e )  

This test i s  similar t o  test 11-6C. The upper chamber b a f f l e  

was held a t  l i qu id  ni t rogen temperature while the bottom b a f f l e  was 
held a t  near room temperature. 

ha l f  of the i n s u l a t i o n  is .65 BTU/hr f t  . 
of allnost 17% from the t o t a l  average value measured i n  test II-9A. 
It is i n t e r e s t i n g  t o  note t h a t  a similar decrease occurred a t  5-3 
f a c i l i t y  between tests 11-6A2 and 11-6C. 

half of the in su la t ion  has a higher heat  flux than the bottom portion. 

To reconfirm t h i s  r e s u l t ,  w e  performed test 11-9D. 

The measured heat  f l u x  f o r  t he  bottom 

This represents  a decrease 2 

This i nd ica t e s  that the top 

T e s t  11-9D (Warm top ba f f l e )  

I n  test I I - g D ,  the bottom b a f f l e  w a s  held a t  -320% and the 

upper b a f f l e  w a s  held a t  near room temperature, 

f l ux ,  adjusted t o  8U°F b a f f l e  temperature, is 1.03 BTU/hr f t2 .  

confirms the higher heat  rate through the upper half previously 

an t i c ipa t ed  from tests 11-9A and I-9C2. 

The r e s u l t i n g  h e a t  

This 

We be l i eve  t h a t  heat  leak through the neck was reduced t o  a 

neg l ig ib l e  amount when the sh i e ld  was modified a t  our f a c i l i t i e s .  

Further,  i t  is our b e l i e f  that the heat  f l u x  values f o r  the upper 

ha l f  of the in su la t ion  are g r e a t e r  than those t o  the lower half, 
possibly as a r e s u l t  of the g rav i ty  s e t t l i n g  of the upper s h i e l d s  and 
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spacers during shipment t o  and from Cambridge. 

Test If-9B (Helium shroud) 

As indicated earlier, the test conditions used i n  test 11-9B 
are similar t o  those of TI-6D. The vacuum chamber b a f f l e  was used f o r  

simulating the shroud once the calorimeter was i n s t a l l e d  i n  the chamber. 

We obtained an experimental h e a t  flux of 85.6 BTU/hr f t  , as noted I n  

Table 111- 19. 

66OF through the use of c i r cu la t ed  water. 
couple on sh ie ld  No. 5 ,  l oca t ion  B y  indicated a n  average temperature of 

-3'F. 

and, of course, the tank surface temperature was -3209. 

2 

I n  t h i s  test, the  b a f f l e s  i n  the  chamber were maintained a t  

The only remaining thermo- 

The f o a m  surface temperature w a s  indicated t o  be  about -31%; 

Test 11-10 ( H e l i u m  purge bag) . 
A purge bag was placed around the composite i n su la t ion  system, 

and heat  flux measurements were made with the  calorimeter i n  a ground 

environment. 

The purge bag was fab r i ca t ed  from a po lyes t e r  f i l m ,  aluminum- 

f o i l  laminate, 

and the foam subs t r a t e  was 0.3 inches. 

and bag contained the  f ive - sh ie ld  mult i - layer  system. 

as noted i n  Table 111-19. 
accurately determined from the  test, as the  surface thermocouple readings 

were not ava i l ab le ,  

performed a t  Plum Brook S ta t ion ,  the heat  leaks f o r  the two are comparable. 

We estimate t h a t  the average d i s t ance  between the  bag 

The space between the  foam 

A heat  f l u x  of 92.2 BTU/hr f t 2  was obtained with t h i s  system, 

The foam thermal conductivity could not  be 

However, by comparison with the  r e s u l t s  of Test.11-5,  

TI:e p r inc ipa l  temperature drop of the system occurs i n  the f o a m  

With a n  ambient temperature of 72OF, w e  measured t y p i c a l  bag subs t r a t e .  

temperatures of about 22'F. 

subs t r a t e  was not ava i l ab le ,  some temperatures measured on s h i e l d  No. 3, 
which is displaced a sw11 distance from the foam, ind ica t e  temperatures 

of about O'F, From t h i s , ' w e  estimate the foam temperature drop a t  about 

3209.  

While the surface temperature of t he  foam 



d. Results and Discussion 

(1) Foam lllsulation 
(a) Thermal Performance 

The thermal conductivities computed from the conditions eatab- 

lished in the ground simulation tests show good agreement with the 
results obtained in the flat plate thermal conductivity apparatus and 
those reported by Haskins. The results we obtained are summarized 
below. 
and II-9B is shown in Figure 111-41. 

The temperature distribution within the system .for tests II-6D 

Test - 
II-SA 
II-5B 
II-6D 

II-9B 
11-10 

Measured 
Heat Flux 

97 .o 
93.2 
69.1 

85.6 
92.2 

Temp. (OR) 

Tank Barrier 

140 522 

40 503 
140 400 

140 429 
140 460 

Vapor 

Thermal 
Conductivity 

Btu-in 
AT Temp (OR) 2 (9) Mean hr-ft -OF 

382 331 .127 

473 272 . loo 
260 270 .133 

289 285 .149 
320 3 00 .I44 

In tests 1062 a and b with the K-apparatus, thermal conductivity 
values of .150 and ,110 Btu-in/hr-ft2-OF, respectively, were obtained. 
Haskins reports a value of .110 Btu-in/hr-ft2-OF for a Freon-blown 

3 polyurethane foam with a 4.0 lb/ft 
about -1750 F (2850 R). 
range from .127 to .149 Btu-in/hr-ft2-OF, with liquid nitrogen on the 
cold side. 

density at a mean temperature of 
The results obtained with the tank insulation 

Haskins shows a correlation between thermal conductivity and 

Further, because of the large'surface area 
mean insulation temperature. From our limited data it i a  not possible 
to show this correlation. 
of the tank-mounted foam, we experienced variations in the warm surface 
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temperature. 
of the measured temperature values. 

The thermal conductivity was computed using the average 

Finally, the thermal performance of the foam system appeared 
unimpaired throughout the sixteen tests performed with the system. 
Equally important is the fact that the foam system stabilized the heat 
flux for the various ground conditions studied. 
of the foam is about a factor of three greater than the total thermal 

resistance exterior to the foam. This can be established from the 
temperatures presented in the above tabulation, Thus, 1, ..he outside 
resistance is reduced to zero value, the heat flux will increase no 
more than about 35% to a value of 130 Btu/hour (based on average ambient 
of POo F) , 

The thc.mal resistance 

(b) Mechanical Performance 
The foam system has undergone a series of sixteen tests under 

a variety of conditions simuiating both space and ground environments. 
No significant deterioration occurred in the system except for failure 
of 15 per cent of the vapor barrier surface in Tect II-SD. This latter 
condition, we believe, can be remedied through the use of a temperature- 
rated barrier material and by applying the barrier to thz foam in small 

sections. 
atrengthen the foam, and the method used to apply and attach the foam to 
the tank gave excellent performance. 
should, therefore, ba considered further with regard to insulating space 
vehicle tanks. 

On the othar hand, the foam selected, the method used to 

These materials and techniques 

(2) Multi-Layer 

The data we obtained in three tests strongly supports the 
contentiou that the new neck design used with the composite system was 
the major extraneous source contributiug to the high heat rate to the 
calorimeter. The three tests are compared below. The temperature 
distributions in the system for tests II-6A2 and II-9A are shown in 
Figure 111-40. 
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Measured Adjusted 

CI CI Test Test 
Flux Flux 

Btu/hr f t '  Fac i 1 i t y  Fluid Test Btu/hr f t L  - 
w2 
w2 

ADL LN2 

II-6A1 1.56 1.54 5-3 

II-6A2 .85 .85 5-3 

11-9A . 7 1  .78 

The f i r s t  conversion towards t h e  o r i g i n a l  neck design took place between 

tests II-6A1 and 6A2. The conversion was completed p r i o r  t o  test II-9A. 
The heat f l ux  obtained i n  t h e  latter test is taken as t h e  actual theraml 
performanc of t he  multi- layer insulat ion.  

In T e s t  II-6B, i n  which i i q u i d  hydrogen was used as t h e  test 

f l u i d ,  we obtained a higher f l u x  than obtained i n  test II-6A2 w i t h  

l iquid nitrogen. These tests are compared below. The temperature 

d i s t r i b u t i o n  i n  the system obtained in test II-6B is show i n  Figure 111-40. 

Boundary 
Temperature Measured Adjusted 

Flux T e s t  Test  ( O F )  Flux  

T e s t  g u / h r  f t  Etu/hr f t  F a c i l i t y  Fluid Warm Cold - - -  
LEi2 

M2 

80 -420 II-6E .91 .91 3-3 

79 -320 I I -6AZ .85 .85 5-3 

The difference i n  the two measured heat f l u x  values may be due t o  s o l i d  

conduction taking place within t h e  multi- layer i n su la t ion .  
conduction is present and is  s i g n i f i c a n t ,  t he  lowering of t he  s ink  

temperature from -320° F t o  -4209 should produce a not iceable  increase 

i n  heat t r ans fe r  because there  i s  a 26 per cent i n c e a s e  in t he  d i f f e r -  

e n t i a l  temperature from a value of 390° F t o  490° F. 
I f  a l l  the heat t r a n s f e r  occurring i n  tests II-6A2 and 11-6B 

I f  s o l i d  

were by radiat ion,  then t h e  two aeasmed heat f l u x  vslues  should 

correspond t o  within h per cent.  

for  the low temperature levels of the  sink and t h e  constant source 
temperature taking place in t he  e -  ariments. 

This can be demonstrated a n a l y t i c a l l y  
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If in both tests it is assumed that the radiative flux is 
as calculated irom a shield emittance value of .035, 2 .50 Btu/hr-ft 

and if this flux is not altered by lowering the sink temperature from 

-3200 S to -4200 F, then, by subtraction of the radiation flux from the 
measured flux, we obtain an estimated solid conduction flux of .35 and 
.41 Btu/hr-ft for tests II-6A2 and IX-68, respectively. This represents 

an increase of 17 per cent in the solid conduction flux between the two 
tests and corresponds to a 26 per cent increase in temperature. This 

correspondence infers the presence of a significant amount of solid 
conduction in the insulation system. 

2 

2 The higher than estimated heat flux ( . 50  Btu/hr-ft ) could be 

assurned also to rasult f r m  out-gassing of the foam inaulation. 

this is not probable, since the f l u  obtained in 11-6B would have been 
substantially lower than .85 Btu/hr-ft , instead of .91 Btu/hr-ft as 

measured. 
less than 500 R and very likely in an evacuated state. Thus, unless 

hydrogen or helium gas is present in the chamber space, cryopumping or 
condensation of the gases in the multi-layer rather than out-gassing is 

the more probable occurrence. This cryopumping effect would condense 
the interstitial gas and eliminate any significant heat transfer taking 

place by molecular conduction. The fact, therefore, that the heat flux 
increased between the two tests is a further c- ‘nuation of the presence 

of solid conduction in the multi-layer insulation. 
A comparison was made between those tests in which the insula- 

However, 

2 2 

In test 11-6B, the entire foam-vapor barrier structure is at 

tion received heat over the entire surface and those in which the 

insulation received heat only through the bottom half. 
is shown beiow: 

This comparison 

Measured Adjusted 
F l w  F l u x  Test Test - Test Btu/hr-ft Btu/hr-ft Remazks Facility Fluid 2 

11-6A2 .85 

11-6C .71 

11-9A .7 1 
11-9C2 .60 

LN2 

LN2 

LN2 
LN2 

.85 Entire Insulation 5-3 

.72 Bottom Half J- 3 

.78 Entire Insulation ADL 

.65 Bottom Half ADL 



A comparison of t he  f i r s t  two and the  last two t e s t s  shows that 

the  heat f l ux  through the  lower half of the  in su la t ion  is less than the  

over -a l l  average. Therefore, t h e  heat  flux through the  upper ha l f  must  

be greater than the  over -a l l  average. 

f l u x  is measured separa te ly  through each half of t h e  in su la t ion  and 

compared, as‘ is dcne below: 

This i s  confirmed when the  heat 

Meas u r  ed Adjus t ed  

Test 
F lu id  

Flux Flux ’ 

Test Btu/ hr  - f t Btu/hr-f t  - Remarks 
2 - 

Test 
F lu id  

Flux Flux ’ 

Test Btu/ hr  - f t Btu/hr-f t  - Remarks 
2 - 

LN2 

LN2 

II-9C2 .60 .65 Bottom Half 
II-9D .93 1.03 Upper Half 

Further ,  t he  sum of the  heat rates measured i n  these  two tests 

is 30.30 Btu/hr, which compares with a heat rate of 28.3 Btufhr obtained 

f o r  t h e  e n t i r e  i n su la t ion  i n  test II-9A (see Table III-1s). 

ment of these  values  t o  within POX es t ab l i shes  the  v a l i d i t y  of t he  

individual  measurements obtained i n  Ii-9C2 and I I - 9 D .  

The agree- 

It is reasonable t o  expect that the  sh i e lds  and spacers  on t he  

lower half  of t he  calor imeter  tank are not  compressed because they hang 
f r ee ly .  

system indica tes  t he  presence of s o l i d  conduction hea t  f l u x  e f f e c t s ,  t h e  
magnitude of t h i s  e f f e c t  should be less f o r  t he  lower half than for t he  

upper half  of t h e  in su la t ion  system. The da ta  obtained i n  tests 11422 
ard II-9D support t h i s  assumption and are fu r the r  evidence of t he  

presence of a s i g n i f i c a n t  amount of s o l i d  conductior heat  flsw. 
From t he  foregoing, we conclude the  following: 

1% then, t he  average heat  f l u x  measured i n  t h e  in su la t ion  

e. Summarv 
1, The expected hea t  f l u x  was not  achieved with the  

mult i - layer  i n su la t ion  because of s o l i d  conduction e f f e c t s  

taking p lace  i n  the  insu la t ion ,  p a r t i c u l a r l y  i n  the  upF 1r half. 
The compacting takes  p l ace  i n  the  upper half Of t h e  i n s c l a t i o n  

because of t he  normal o r i e n t a t i o n  of t he  calor imeter  and 
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because the lower portion of the insulation is  supported from the 

upper part. 
2 .  The f o a m  d i d  not out-gas to any observable degree in the 

simulated space environment or in any way a f fec t  the thermal performance 
of the multi-layer insulation component. 
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FIGURE 111 -32 COLD SHOCK OF FOAM INSULATION 
SUWACE CRACKING 

I f f -  Ill? 







FIGURE 1r1- 39 INSUY’ATION SXSTEM NO. 5 - FOAM AND VAPOR BARRIER-EEFORE 
11-5 TEST SERIES 
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TABLE 111-14 
SHIELD NISSNITY DATA 

INSULATION .7YSTB4 NO. 5 

Shield 
No. 

1 

2 

3 

4 

5 

Surface Shield Resistance Computed 
Material Side (ohdsquare) Thicknessf&’ Emittance‘ . 

Aluainum A .626 455 .0334 
B .755 378 .0335 

Aluninum A ,630 453 ,0335 
B .723 395 .0378 

Allmrinun A .633 450 .om0 
B .749 380 .0381 

Aluminum A .633 450 .9369 
B .714 600 .0358 

Aluminum A .625 456 

B .722 395 
m 

.0335 

.0243 

1. . Resist ivity of wrought aluminum, 2.85 x o h  sm, used to 
compute vapor deposited layer thickness. 
a t  wrought metal density, 

Deposited metal assumed 

2. Data taken with No. 2 Receiver d i s c  in  the emissometer. 
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TABLE 111-16 

StHbARY VAPOR BARRIER BLISTER DAHAGE 

Tank 

41 

- 
2 A l u m i s e a l  Surface Area (ft ) 

Blister Area ( f t 3  6 

Blister Area (per cent of total) 14.7 

Blister Area Delaminated (per cent) 75 

Blister Area Separated (per cent) 25 

Neck - 
2.75 

.84 

30 

None 

100 
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Insu la t ion  System No. 6 

a .  Introduct ion 

The improvement i n  t h e  un i t  weight of t h e  s h i e l d  and spacer of 

a mult i - layer  i s  as important as the improvements achieved i n  the  

thermal performance of t he  sh i e lds .  

the  sh i e ld  weight was improved compared t o  Sys tem No. 1 by the use of 

thinner  f o i l s  and coated f i lms .  

vinyl-coated Fiberglas  spacer waq used i n  all the  sys tems.  By comparison 

t h i s  spacer  has a un i t  weight approxixrately 8 times that of 1!4 m i l  

polyester  f i lm.  It was expected that some improvement i n  the  spacer 

weight could be achieved, 

spacer materials was that equivalent t o  the  u n i t  weight of 1/4 m i l  

polyester  f i lm.  This w a s  derived i n  t h e  following nianner: Coated 

1/4 m i l  polyester  f i lm is very near ly  the  l i g h t e s t  weight sh i e ld  material 
available ( thinner  f i lms a r e  ava i l ab le  but no t  common). 

coated on one s i d e  only, then the  s h i e l d  can serve  as i ts  own spacer 

because of t h e  low thermal conductivity present  i n  t h e  f i b e r  and 

uncoated s ide .  However, as discussed elsewhere, i t  appears that t h e  

uncoated s i d e  is not e f f e c t i v e  a t  a l l  as a r ad ia t ion  sh ie ld .  

compared t o  a f i lm  coated on both s ides ,  two s ingle-s ided sh ie lds  are 

required t o  achieve the  same thermal performance. However, t he  f i lm  

coated on both s ides  requi res  a spacer t o  prevent shor t ing  of t he  

sh i e lds  through t h e  high conduct ivi ty  coat ings.  From t h i s ,  t he  equi- 

valence between the  spacer and singly-coated s h i e l d  i s  thus es tab l i shed .  

In  Insu la t ion  Systems 2 through 5 

However, t he  same 1/8 x 1/8-inch mesh 

The weight goal es tab l i shed  for t h e  l i g h t e r  

I f  t h e  f i l m  is 

Thus, 

A preliminary inves t iga t ion  indicated that the re  are few mater ia l s  

that approach the  un i t  weight by 1/4 m i l  polyester  f i lm.  

that appeared s u i t a b l e  as spacer materials, one a nylon ne t  and the  

other  a s i l k  n e t ,  The former weighs ,00271 I b s / f t  and is about 60 per 

Two were found 

3 

3 cent heavier than t h e  f i l q a n d  t h e  latter weighs ,00121 l b / f t  

about 30 per cent l i g h t e r  than the f i lm.  Table 111-20 is a comparison 

of some of t h e  physical p roper t ies  of mult i - layer  systems which might 

u t i l i z e  these sh i e lds .  

and is  

Although t h e  nylon was the higher-weight spacer, t he  manner i n  

which it  w a s  k n i t  created pointed supports which w e  expected would lead 
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to a lower heat leak than the silk. 

of the silk net; however, the heat flux results obtained with the 
K-apparatus in tests 2039 and 2040 under zero load indicated that nylon 
was a good choice. 

We did not measure the performance 

One disturbing factor about both the nylon and silk nettings, 
The value for nylon however, was their high coefficient of expansion. 

is presented in Table 111-20. 
with silk, and it appears to have as high a coefficient as nylon. 
computed contraction for a 4000 F change is almost 1-1/2 inches on the 
calorimeter tank circumference. 

the insulation system performance. 

A rough comparative measurement was made 
Thz 

This contraction was expected to affect 

b. Insulation System 
The insulation system selected consisted of 5 shields of poly- 

ester film aluminized on both sides, and six spacers of nylon netting. 
This system was applied to Calorimeter No. 2.  

the netting side sheet was gored and attached to a top and bottom cap 
to hold it in place. The shields were applied in the s m c  manner as 
those in insulation system No. 2 and No. 5 .  The completed system is 
shown in Figure 111-43. 
Figure 111-44 shows the netting and shields in greater detail. Additional 
details of and characteristics of the system are presented in Table 111-1. 

As shown in Figure 111-42, 

A closer view of the insulation shown in 

c. Results and DiSCUSSiOn 
Heat fluxes to the insulation system were measured over a 

Average values of 1.11 Btu/hr ft 2 period of 140 hours. 
800 F source temperature) were obtained (see Table 111-21). 
was about twice the calculated value (.49 Btu/hr ft ) and about three 
times results obtained with the thermal conductivity apparatus in test 
2039. The calculated value is based on shield emissivities of .035 that 
were obtained with the ADL emissometer. 

(adjusted to 
This value 

2 

We measured the temperature distribution in the hulti-layer 
system during the heat flux tests. 

tures are shown in Figure 111-45. 
variation in shield temperature that conductive heat transfer between 
the shields was taking place in addition to the radiative heat transfer. 

Typical values of the shield tempera- 
It was apparent from the almost linear 
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We were able to compute approximate values for both of these components 
from the data and multi-layer system properties. The results are 
presented in Table 111-22, 

We conclude that the use of the nylon netting spacer in 
Insulation System No. 6 resulted in a high flux due to s o l i d  conduction. 
The probable cause is the thermal contraction of the spaczr material 
which introduced normal loading pressures into the multi-layer. 

111.- 136 









80 

60 

40 

20 

0 

- 20 
-40 

- 60 
Lt 
O -80 
0, 
LI 
=I -100 
(d 

.. 
c, 

; -120 
E 
-140 

-160 

-180 

-200 

- 220 

-240 

-260 

-2 80 

-300 

-320 

Ti40 

5 20 

500 

480 

4 00 

440 

420 

400 
d 
O 380 
6 2 360 
k34c 
a 

E 
320 

300 

280 

260 

240 

220 

200 

1 so 
160 

140 
1 1 
Tank 
Surface 

2 3 4 

Shield Number 

5 0 
Baffle 
Surface 

FIGURE 111-45 INSULATION SYSTEM NO. 6, SHIELD 
TEMPERATURE DISTRIBUTION 

UI-140 



TABLE 111-20. 

COHPARISON OP THE PHYSICAL PROPERTiES OF HuI;III-IAYER 

Senple A Sample B 
(K-apparatus test 2039) 

e!ds 

timber 

at er ial 

eight 

hicknees (in) 

luminization thickness (A) 
missivity (average) 

0 

cer  

umber 
at er ia 1 
eight (lb,'ft2) 
hickness (in) 

pen Area 
on t rac t ion 

- 

oretical Sample Thickness (in) 

ple Weight (lb/ft2) 

oretical Density, (lblft ) 

oretical Shleid Density 

ure of merit (wt, basis) 

3 

ten 
aluminum 
1100-0 

.007 

.OW5 
--- 
.035 

ten 
aluminum coated 
mylar on two 
8 ides 

0 .OOL76 
9 .00025 

375 + 50 
.035 

- 

11 11 

nylon net nylon net 

.002i 1 .00271 

.007 .007 

80% (estimated) 80% (estimated) 
,014 inches/in -014 incheslin 
(68 to -6230 P) (68 to -4230 FI 

,082 .0795 

.0997 .0476 

14.2 7.2 

133 shieldslin 138 shields/ 1 

2.75 1.27 

1. Ratio of shield and spacer weight compared to weight of two 1/4 mil 
thicknesses of polyester film. 

Sample C 

tea 

aluminum coated 
mylar on two 
sides 

0.00176 

0.00025 

375 + 50 
. O X  (tentative) 

- 

11 

silk netting 

0.00121 

0.0045 

84% (estimted) 
--- 

0 .OS2 

0.0309 

7.5 

210 shieldslin 

0.85 
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TABLE 111-22 
SUQ4ARY OF THE RADIATIVE AND CONDUCTIVE 

W i  TRANSFER CMPONWTS IN INSULATION SYSTEn NO. 6 

Shield 
Space 
i- 1 

1-7 

2- 3 

3- 4 

4 - 5  

5-0 

Varm 
Surface 
Tam. (OR)  

225 

305 

380 

448 

508 

537 

Cold 
Surf ace 

Temp. (%) 
160 

2 25 

305 

380 

u a  
508 

Heasur ed 
Flux 

Btu/hr f t  

1.03 

1.03 

1.03 

1.03 

1.03 

1.03 

Computed 
Radiation 

Flux  
Btu/hr f t  

.13 

.18 

.38 

.57 

.66 

1.03 

2 

Conduct ion 
Measured 
Minus 

Raaia tion 
Btu/hr f t2  

.90 - 

.86 

.67 

.47 

.38 

0 
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Insu la t ion  System No. 7 

a. Introduct ion 

The in su la t ion  system on a space veh ic l e  is  suscep t ib l e  

t o  damage when t h e  vehicle  is subjected ta  a l l  t he  necessary static 

f i r i n g s ,  checkout, and c a l i b r a t i o n  tests as w e l l  as t r anspor t a t ion  

and handling. Thus, i t  becomes very important i n  t h e  case of 

damage t h a t  t he  r e p a i r  t o  the in su la t ion  can be made quickly and 

e f f ec t ive ly .  

e n t i r e  i n su la t ion  i n  order t o  ga in  access t o  t h e  tank surface,  i.e., 

checking f o r  leaks t h a t  develop i n  t h e  tank a f t e r  t he  in su la t ion  

has been applied.  

I n  sane cases, it may be necessary t o  remove t h e  

Multi-layer i n su la t ion  systems 1 through 6 were applied t o  

the  calorimeter tank one s h i e l d  at a time. The t i m e  required 

was reduced from one sh ie ld  per  week on t h e  f i r s t  system t o  about 

one pe r  day on t h e  l a s t  system. However, l a rge  tanks with 50 to  

100 sh ie lds  would s t i l l  take months t o  i n s u l a t e  even though the 

techniques are ref ined and made more e f f i c i e n t .  It is necessary, 

therefore ,  t h a t  new appl icat ion techniques be developed t h a t  w i l l  

r e s u l t  i n  a s u b s t a n t i a l  improvement i n  the app l i ca t ion  time of 

mult i - layer  insulat ions.  The approach w e  s e l ec t ed  t o  be used i n  

the  i n i t i a l  t r i a l  was t o  p i l e  spacers  and sh ie lds  together on a 

t a b l e  and s e w  them together as i n  a q u i l t e d  blanket.  

sh i e lds  and spacers are t i e d  to each other  i n  t h i s  manner, the  p i l e  

would be c u t  t o  s u i t  t he  tank contour, i . e . ,  gores would be c u t  i n t o  

the  s i d e  shee t  s ec t ion  so as t o  cover the tank s i d e s  and knuckle 

r a d i i .  

many s h i e l d s  simultaneously. 

cu t t i ng ,  t h i s  blanket could be applied possibly i n  the time 

required previously t o  apply a s i n g l e  shield.  

could be e a s i l y  and quickly removed and reappl ied when i t  is necessary 

t o  do so. 

Once tne  

The qu i l t ed  blanket would provide the mears of applying 

Through appropriate  f i t t i n g  and 

Further  t he  blanket 
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b. Insu la t ion  System 

1 - d a t i o n  System No. 7 was applied t o  t h e  calor imeter  over the 
ex i s t ing  mul t i layer  i n su la t ion ,  system No. 6. This  was done t o  begin 
t h e  explorat ion of mul t i layer  on t h e  caloruneter  in  increas ing  number of 

sh ie lds  and t o  fu r the r  confirm t h e  thennal cont rac tors  e f f e c t s  of t h e  

nylon, spacer on heat  flux. Each is a f i v e  sh i e ld  system in which t h e  

sh ie lds  a r e  1/4 m i l  po lyes te r  f i lm aluminized on both sides and 

the  spacers a r e  nylon net .  The f i r s t  f i v e  sh i e lds  were appl ied 

one a t  a t h e ,  the  second s e t  was preassembled i n t o  the  form of a 

qu i l t ed  blanket and then appl ied t o  the  tank. 

presented i n  T-tble 111-1. 

is shown i n  Figure 111-4C. 
shown i n  Figures 111-47 and 48. 

c.  Resul ts  and Discussion 

Added d e t a i l s  are 

The s i d e  sheet  blanket f o r  t he  tank 

The completed insu la t ion  system is 

The experimental heat  f luxes  produced with System No. 7 

a r e  presented i n  Table 111-23. 
2 values was 0.78 Btu/hr f t  . 

value of 0.24 Btu/hr ft which w a s  computed f o r  the  r ad ia t ion  f l u x  

under the preva i l ing  test conditions.  

e f f e c t s  were present  i n  the  o r i g i n a l  f i v e  sh i e lds  ( test  s e r i e s  11-7) 

it  was expected t h a t  these e f f e c t s  would be present  possibly i n  a 

more pronounced fashion, i n  the  10 sh ie ld  systan.  

The average of the  measured 

This cocapares with an expected 
2 

Inasmuch as s o l i d  conduction 

The temperature d i s t r i b u t i o n  i n  the  first m u l t i - l a y e r  

system which occurred during Test 11-8 is shown i n  Figure 111-49. 

These gradien ts  show that: 

s i d e  is  almost l i n e a r  with respec t  t o  sh i e ld  number and, 

1. The temperature d i s t r i b u t i o n  a t  top, bottom, and 

2. The temperature across  the  f i v e  sh i e ld  system is 

about 60% l e s s  a t  t he  s i d e  loca t ion  than a t  t h e  head locat ions.  

The former indicated s o l i d  conduction heat t r ans fe r  is 

taking place througiiout the  f i r s t  f i v e  sh i e lds  of No. 7 system; 

the l a t t e r  indichtes  that t h e  conduction e f f e c t  is g r e a t e r  on the  
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cylinder por t ion  of the tank than a t  the heads. 

compared t o  the  r e s u l t s  obtained in  Test 11-7, the  conductive 
h e a t  leak,  as a per cent  of Lotal heat leak,  has increased. 

Further ,  

These e f f e c t s  can be seen i n  t h e  tabul.ations presented 

in  Table 111-24. The conduction component of heat t r a n s f e r  

is es tab l i shed  from the d i f fe rence  of the experimental average 
sat flux and the computed value of the r ad ia t ion  flux. The 

a t t e r  were de temined  from the  experimental sh ie ld  temperatures 
nd the use of . 033  fo r  the value of the  surface emiss iv i t ies .  

No thermocouples were placed i n  t h e  f i v e  sh i e lds  blanket 

i n su la t ion  por t ion  of No. 7 system except a t  t h e  outer  sh ie ld .  

f r c s  t h e  temperature of t h e  chamber b a f f l e s  and temperaturesan No, 5 

sh ie ld ,  w e  computed rad ia t ion  f luxes of .360 and .302 Btulhr f t  

t ank  sides and heads r e s p e c t i x l y  using sh ie ld  emiss iv i ty  of .033. 
t h e  d i f fe rence  of these  v a l a s  f r an  the average hea t  f l ux  ind ica t e s  t h a t  

heat t r ans fe r ,poss ib ly  by conduction, r ad ia t ion  through t h e  b u t t  j o i n t s  

and fran o the r  sources is t ak ing  place.  

However, 

2 for the  

Thus, 

The r e s u l t s  obtained with t h e  thermal conduct ivi ty  apparatus 

f o r  sample 2039 which consis ted of t e n  sh i e lds  and spacers  i d e n t i c a l  t o  

tank in su la t ion  system No. 7 r e s u l t  i n  a no load ‘heat flux .14 Btu/hr 
2 f t  . 

.020, 
i v i t y  values  obtained with t h e  emissaneter on similar samples of  alminum- 

coated mylar which average .033 about at: 100’’~. This  latter emiss iv i ty  

value could correspond t o  a t h e o r e t i c a l  heat  f lux  o f  .24 Btu/hr f t  , 

Thus, t hz  t h e o r e t i c a l  heat  f l ux  predicted from t h e  emissometer r e s u l t s  

a r e  about 65 percent higher than the  values  measured with t h e  thermal 

conductivity apparatus. 

t he  inf luence of temperatures on sh ie ld  emissivi ty;  many of t h e  sh ie lds  

in t h e  thermal conduct t J i ty  sample a r e  a t  a s i g n i f i c a n t l y  lower temperature 

than the  emissometer sample. 

This  f lux  would correspond t o  a sh ie ld  emiss iv i ty  of approxfmately 

This  apparent emiss iv i ty  value is s i g n i f i c a n t l y  lower than emiss- 

2 

This  discrepancy may be due in p a r t  t o  
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Thus, f ran  r e s u l t s  obtained with t h e  thermal conductivity apparatus,  

emissaneter, and tank applied insu la t ion ,  we be l ieve  t h a t  nylon ne t t i ng  

spacer o f f e r s  good thermal performance under no load conditions.  

where the  n e t t i n g  i s  res t ra ined  over e curved surface as i n  i t s  appl ica t ion  

on t h e  tank, Che thermal contract ion of t h e  n e t t i n g  spacers with temperature 

ser ious ly  degrades t h e  thermal performance of t h e  mul t i layer  system by 

introducing a loading pressure on t h e  shields .  

However, 
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TABLE 111-24 

S'LEIMARY OF RADIATIVE AND CONDUCTIVE 

HEAT TRANSFER COMPONENTS IN FIRST FIVE SHIELDS OF 

INSULATION SYSTEM NO. 7 

g 
.rl 
& 
0 
0) 
m lx 
2 
t.4 w 
ci 

i-1 140 183 .78 .04 . 7 4  

1-2 183 200 78 .01 .77 

200 230 .78 .04 .73 2-3 

3-4 230 279 .78 .09 .69 

279 323 .78 .14 ' .64 
V 

r g  

H 3  
d c ,  
at & 

4 

a* i-1 140 190 .78  .os .73  

81 1-2 190 227 .78 .04 .74  

227 28 7 .78 

28 7 333 .78 

2-3 

3-4 

.12 

.16 

.66 

.62 

gl 4-5 333 386 .78 30 .25 w 

111- 153 



REFERENCES 

(1) "Liquid Propel lant  Losses Durilig Space F l i g h t ,  F i n a l  Report, 
Report No. 65008-00-04, by Arthur D. L i t t l e ,  Inc. ,  f o r  National 
Aeronautics and 'Space A d m i n i  s t r a t i o n  under Coiitracc PIASw-615, 
October 1963. 

(2) Sopp, A.  L. Jr., and J. L. Brandt, %Reflectivity and Emissivity 
of Bare and CoRted Aluminum," Finishes  Division, Alcoa Research 
Laboratories,  February 1963. 

( 3 )  Scott ,  Russel l  B ,  Cryogenic Engineering. Princeton: 
D. Ve.n Nostr nd Company, Inc. ,  1959, pg. 146. 

(4) Bunneville, Jacques M., "Design and Optimization of Space 
Thermal Protect ion for Cryogens - Analyt ical  Techniques 
and Result-6," Report No. 65008-02-01, Arthur D. ..,ttle, Inc. 
f o r  National Aeronautics arid Space Administration unde,. 
Contract NAS3-4181, December 1964. 

(5) HaEkins, J. F. and J. Herts. Advances i n  Cryagenic Zngineerinq. 
N e w  York: Plenuq Press ,  Inc. Volume 7 ,  pg. 353. 

111- 154 



APPENDIX 111-E- 1 

THERl4ODYNANIC INTERPPJZATXON OP TY5 M F F C  3P 
l3AAOHETRIC VARIATIONS ON CAIDRMETEP, PEtlFOWUNCE 

A vented saturated l i qu id  calorimeter u b s e  performance is meamred 

by the  quant i ty  of vented gas, is affcct5d by changes i n  barometric 

pressure. 

ternpe+at';&e, i.e., i n  the  energy of the  c m t e n t s  of  t h e  calor imeter .  

This  b r i e f  ana lys i s  shows how such barometric changes may be taken i n t o  

account by a general equation. 

t he  cases of i n t o r e s t  fo r  t h i s  pro jec t ,  t he  rigorous equation reduces 

t o  a ra ther  simple form. 

cases . 

Such changes a r e  r e f l ec t ed  i n  va r i a t ions  of s a tu ra t ion  

The equation is r a t h e r  complex, but in 

The s h p l i f i c - . t i o n  is j u s t i f i e d  with s p e c i f i c  

Statement of Problem and Basic Assumptions 

A calorimetsr c f  volume V containing a sa tura ted  l iquid-vapor 
* 

mixtur5 of e t t h e r  hydrogza or  ni t rogen is subjected t o  a heat  leak Q 

and gas is vented through a measuring instrument. 

the calorimeter is e s s e n t i a l l y  equal t o  the  ambient ba&*met r i c  value,  P. 

This ambient pressure may vary during m y  given run de2endiag upon l o c a l  

weather caul i t ions  or o ther  fac tors .  

The pressu te  i n s i d e  

In the  ci orimeter is shorn schanat ica l ly  in t h e  sketch 
belov. 

0 [ vented gas 

w Liq 

L The mass of liquid i n  t he  calorimeter a t  any time i a  m and 

almilal'ly 

m'+ m v  rn . During a ruc, thesa masses vary but it is 

assumed t h a t  a t  a l l  times the  l i q u i d  and vapor--are i n  equilibr4.m with 

the  ex is t ing  value of baranetrf  

of course, with P. It is fuy:.,?. dsumed t h a t  t h e  calorimeter metal i s  

a l so  a t  T a t  any t i m e .  

m v  represeups the  t h e  quaa t i ty  of vapor; t h e  t o t a l  ma88 is 
s 

.,regsure a t  a tempexdure T ;  T v a r i e s ,  

*A lisL of per t inent  symbols is presented at t he  end of thFs appendix. 
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G m e r  a 1 Ana 1 y s .is 

Three conservstion equations a r e  used i n  t h e  ana lys i s ,  i .e.,  

conservation o f  mass, energy, and t o t a l  volume. The remainder of t b e  

ana lys i s  is simply a r i t l u e t i c a l  manipulation t o  a r r i v e  a t  a conventent 

f i n a l  r e s u l t .  In t h e  aiialysis, supe r sc r ip t s  q L, V ,  and s a r e  used t o  

designate  whether t he  quant i ty  is container  metal, liquid, vapor o r  t h e  

system of l i qu id  and vapor. 

run is  5egun and ended; i f  no scbscr ip t  i b  included, t h e  t€me I s  anytime 

during t h e  run. It will be shown t h a t  t h e  f i n a l  equation i n  Q contains  

a series of terms r i l l  but one of whfch i s  independent of how t h e  

barane t r fz  pressure v a r i e s  wi th  time, i . e . ,  on3.y t k e  i n i t i a l  and f i n a l  

hammetric pressures  en ter .  

Subscr ipts  1 and 2 r e f e r  t o  t h e  time the  

Energy Balance 
The system is chosen as the calor imeter ,  including metal w a l l s ,  

l iqu id  and vapor contents. I n  d i f f e r e n t i a l  form, 

M m s  Balance - 

Xntrohci ion  of Specific Energy Terms 

(3) 
2 c  L L  v v  = E ~  + E ~  +E' - m  e + m  e + m  e 

and 

t 4)  c c  v v  v v  - dES = m & -t m L d e L + e L d m L  - + n  de + e  &I 
dt d t  dt d t  d t  d t  

I n  Eq. ( 4 ) ,  t h e  s p e c i f i c  energies  e r e f e r ,  of course, t o  sa tu ra t ion  

values s ince i t  was assumed above t h a t  t he  l i qu id  and vapor were always 

in  e q u f l i b r i  i. Combining Eq. (l), (2), ana ( 4 ) ,  

Q = m c c  de -+- m v v  d e  + m L L  de  - (h v v  - e  ) Gv - (hv-e4  & L - -- . 
d t  dt: d t  h t  d t  
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Introducing the d e f i n i t i o n  

e =  h - P v  (6) 

de = dh - Pdv - vdP ( 7) 

V then hv - e' = Pv 

S u b s t i t u t i q  Eqs. (6) through ( 9 )  i n t o  ( 5 )  and making use of the fact 

t h a t  s ince  the calorimeter volune is constant,  

v v  vS = vL + vV = mL vL + m v 

L L  L L .  v v  v v  d V " = O = , m  dv + v  dm + m  dv + v  dm 

then 
Q - m C + mv ev + mL AbL - (hv-h4 @L -V3 dp 

d t  d t  d t  d t  d t  

To obcai7 an equation more s u i t a h l e  f o r  i n t eg ra t ion ,  add and sub t r ac t  

h dm from Eq. (12), v v  

d t  d t  a t  

In t eg ra t ing  P.q. (13) from the i n i t i a l  s ta te  

,-I 

d t  d t  

(1) t o  i;hs final state (2), 

I ( Qdt = m c c  (e2 - el) C -5 (:; h2 v - 2; hy) -t ( m i  hf; - ml L L  hl > L 

Qt 

v s  S or i n  a more convenient form t o  use, add and sub t r ac t  hl (m2 - ml) 
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from Eq. (14) and rearrange, 

Eq. (15) is the  desired r e s u l t .  

Discussion of Terms 

In  Eq. (15),  a l l  terms except t he  one w 

functions only of the i n i t i a l  and end s t a t e s .  

t h  t he  integra . are  

I n  p a r t i c u l a r ,  i f  these 

end s ta tes  were i d e n t i c a l ,  then independent of any p res su re  

f luc t - t i ons  during the run, Eq. (15) reduces t o  

In  t h i s  s implif ied form, the f i r s t  term is the  enthalpy of vaporization 

times the mass vaporized; t he  second term accounts for t he  v a r i a t i o n  i n  

enthalpy of t he  vented gas i f  t h e  pressu.re v a r i e s  during a tun. It, of 

course, equals zero i f  the p re s sc re  is constant. 

It w i l l  be shown below t h a t  of t he  terms i n  Eq. (l5' only the last 

two a r e  of any importance during a t p i c a l  calor imeter  test. The 

maximum barometric pressure change expected is  about 2-in. mercury o r  

1 ps i .  The more reasonable change is probably about 2-in. mercury 

but the higher value is chosen here  f o r  i l l u s t r a t i v e  , .poses. 

For t h i s  h P 2 3. p s i ,  (considered as an increase i n  t h e  examples 

below) A T (nitrogen)- 1% and 

calorimeter volume is  19.25 f t  and holds about 968 l b s .  of l i q u i d  

nitrogen when f u l l  and 84.7 lbs.  of hydrogen. 

T (hydrogen) CC. 0.4OR. The 
3 

C a. The term mc (ef - el) amounts t o  about 23 Btu (nitrogen case) 

For t he  m a x i m u m  e f f e c t ,  and 0.4 Btu (hydrogen case) when A P = 1 p s i .  

assume no evaporation (i. e . ,  ne&l ig ib l e  running t i m e ) .  

term i n  Eq. (15) is  m 

and 82 Btu (hydrogen case ) .  

Then the important 
i i  L (h2 - h, ) which i s  about 475 B t u  (nitrogen case) 

L 

The maximum co . t r ibu t ion  of t he  term is 
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then about  5% (ni t rogen case) and 0.5% (hydroger. case) .  

r e a l i s t i c  cases ,  where evaporation occurs a n d 4 P  41 p s i ,  the 

cont r ibu t ion  becomes negl ig ib le .  
v v  

For more 

b. The term (hv - hl ) m2 would be maximized i f  the  f i n a l  staLe 

were a l l  vapor. 

case) and 1.0 Btu (hydrogen case) .  

be considered negl ig ib le ,  espec ia l ly  fo r  the more r e a l i s t i c  case  when 

evaporation is not complete. 

2 
I n  t h i s  case,  the  term has the values 0 . 5  Btu  (nitrogen 

These are q u i t e  small values and may 

c .  The term Vs (P2 - P1) is equal t o  about 3.6 Btu. Again t h i s  

number is small compared t o  the  t o t a l  of the  last two terms i n  Eq.(15). 
L 

d. The term (hv - hl ) dms is similar t o  the  one discussed 

i n  (b) and the  maximum value of t h i s  path-dependent funct ion is  of the  
same order ( a l b e i t  s l i g h t l y  la rger )  than found i n  (b). They a r e ,  

however, of oppori te  s ign  and tend t o  cancel and, in  any case,  both are 
small compared t o  t he  last two terms i n  Eq, (15). 

Conclusion 

Within experimental accuracy, the heat  leak i n t o  the calor imeter  

may be ca lcu la ted  from Eq. (15) with thz f i r s t  four terms neglected,  i.e., 

L L  v v  and if (tul - m2 )a> (m2 - ml ) , then 

where the  f i r s t  term is simply the  enthalpy of vaporizat ion times the  

mass vented; the second term r e f l e c t s  the  energy gain or loss due t o  a 

temperazure change r e su l t i ng  from a b a r m e t r i c  pressure  Ja r i a t ion .  It 
L i s  of ten c lose ly  approximated a s  ai $ A T,  i . e . ,  

s a t  

AT ,L ;t %r ( A H v . )  (mass vented) + m 
-Psat 
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Note About Hydrogen Convex s ion, Para  to-Ortho Form 
Eq. (15) or  (16) is a l s o  appl icable  i f  t he re  should occur any 

subs t an t i a l  v a r i a t i o n  i n  orth-para canposit ion f o r  l i q u i d  hydrogen. 

The enthalpies  i n  this case would then be a funct ion both of temperature 

(or pressure) and composition. For the p r a c t i c a l  s i t u a t i o n  of l i qu id  

hydrogen near the  atmospheric bo i l ing  point ,  small pres su re  f luc tua t ions  

w i l l  not  change the sa tu ra t ion  temperature s u f f i c i e n t l y  t o  make such a 

correct?cn necessary. 
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TABLE OF SYHBOLS 

C 

e 
E 
h 

V 
A H  
m 

P 
Q 
Q!f 
t 

T 

v 

v 

heat  capaci ty ,  Btu/lb-'R 

specific i n t e r n a l  energy, Btu/lb 

t o t a l  i n t e r n a l  energy, Btu 

s p e c i f i c  enthalpy, Btu/ lb  

2nthalpy of vaporization. Btu/lb 

mass, lbs 
.barometric or system pressure ,  p s l a  

heat  leak r a t e ,  Btu/tlme 

t o t a l  hea t  leak, Btu 
time 
temperature 

s p e c i f i c  volume, ft /lb 
t o t a l  calc- imeter  volume, f t  

3 
3 

subscr ip ts  

1 i n i t i a l  

2 final 

supers c r i p  t s 

c container  

L l i qu id  

s 

V vapor 

syaten of liquid and vapor 

111-16 1 

Zlttbur D.tlr,%nr. 



APPENDIX 111-E- 2 

- SHIELD TPIPERATURE DISTRIBUTION I N  A MULTI-LAYER SYSTEM 

It is of ten necessary t o  p red ic t  the  temperature d i s t r i b u t i o n  i n  

a multi- layer i n su la t ion  when r ad ia t ion  is the sole heat  t r a n s f e r  mode. 

The present analysis  makes u s e  of the O h m ’ s  l a w  analogy by expressing 

the emittance of the  r ad ia t ion  sh ie lds  as a r ad ia t ion  resis tance.  The 

use of the  analogy contr ibutes  t o  a b e t t e r  understanding of the therrzlal 

p rope r t i e s  of mult i - layer  insulat ions.  

Statement of the Problems 

A tank is  covered with g r a d i a t i o n  sh ie lds  separated from each 

other  with non-conducting spacers. The planes of t he  boundaries and 

sh ie lds  are p a r a l l e l  t o  one another. 

emittances although the r e su l t i ng  r e l a t i o n  is s implif ied i f  a l l  sh i e lds  

have an equal emittance. 

A l l  surfaces  can have d i f f e r e n t  

General Analysis 

For any two p a r a l l e l  surfaces ,  t h e  r a t e  of heat  t r a n s f e r  between 

them is determined by the  Stefan-Boltzmann l a w  as expressed by t h e  

following r e l a t ion :  

Q =  

where Q n  
u =  
A =  

T =  

e =  

4 4 1 
W A N o  - T i  

e + + -  1 
0 

heat  flow, Btu/hr 

Stefan-Boltzmann constant ,  0.173 x 
2 surface area,  f t  

surface temperature, 

Ti’ temperature of cold surface 

t o t a l  hemispherical emissivity of the surface,  

dimensionless; e emissivi ty  of warm surface;  

2 0 4  Btu/f t  -hr- R 

0 R; To, temperature of warm surface; 

0 ’  

emissivity of the cold surface e i’ 



Equation (1) can be wr i t t en  i n  the  form 

1 where R = Dimenoionlero r ad ia t ion  r e s i s t ance ,  

The r ad ia t ion  Bquation (la) now states t h a t  t he  product of t h e  heat  

flux and 

d i f f e rence  of the fou r th  power temperature po ten t i a l s .  

then N + 1 spaces are formed. 

axpreased by Equation (la) and the t o t a l  r e s i s t a n c e  betweem the  

boundaries can be expresred as the sum of thednd iv idua l  r e s i s t ances .  

of the r a d i a t i o n  r e e i s t ~ n c e r r  is proport ional  to the 

I f  n ahielde are i n se r t ed  between the warm and cold boundaries, 

The r e s i s t a n c e  of each apace can be 

This sum is carried out 

heat flux i n  a l l  spaces 

haat  flow path.  

(Ri + R1 - 1) = 

below and r e s u l t s  i n  Equation (2) Decauae the 

ha8 a a ing le  value due t o  series na tu re  of the 

n 
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I f  

the same 

% 

where R 
S 

a l l  the sh i e ld  surfaces  have the  same emissivi ty  and, therefore ,  

r a d i a t i o q  r e s i s t ance ,  Equation (2) cai b e  s implif ied to ,  

1 
4 4 

a [ Ri + R 0 + 2nRs - (n+l)] = -(To - Ti 

% is is the  r ad ia t ion  r e s i s t ance  of each s h i e l d  su r face  and 

the t o t a l  r e s i s t ance  between the boundaries. When the boundary 

emis s iv i t i e s  approach 1.0 (Ri = R = 1) and the s h i e l d  emis s iv i t i e s  

are of the order of .05 (Rs = 20) o r  less the t o t a l  r a d i a t i o n  resistance 

between the boundaries is given to within 5 p e r  cen t  by the r e l a t i o n  

0 

These special ized conditions prevai led i n  most of t he  space 

simulation tests performed with the tank calorimeter.  I n  the case of 

aluminum s h i e l d s  having surface emittances of .035, w e  obtained t o t a l  

system re s i s t ance  of the order of 275 (no dimensions). 

warm boundary temperatures of 140 and 540°R respect ively,  w e  obtain a 

For cold and 

value €or T ( T :  - 7:) of 145 Btu/hr f t 2 .  For a f i v e  sh i e ld  system, 
2 

EquatLon (2b) r e s u l t s  i n  a ca l cu la t ed  hea t  f l ux  of .51 Btu/hr f t  . 
It is  o f t en  of i n t e r e s t  t o  know t h e  temperature d i s t r i b u t i o n  t h a t  

would p r e v a i l  i n  a mult i - layer  system i f  r a d i a t i o n  w e r e  the s o l e  means 

of heat  t r ans fe r .  Since the heat flow i n  a given system is a 

constant,  the  following i d e n t i t y  is valid:  
4 4 4 4 

(To - Ti 1 (Tm - Ti  1 - (Q/A) = - 
i ,m BT 

i , o  
'ir i ,m 

r e s i s t ance  between warm and cold boundaries f o r  a 

system with n sh i e lds  

reFis tance cold boundary and sh ie ld  m i n  a system with 

n sh i e ld  
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The r e s i s t ance  of m sh ie lds  i n  a system w i t h  n sh i e lds  is obtained by 

summing the  individual  r e s i s t ances  between s h i e l d s  as establ ished by 

Equation (2) . 
Equation (2) can be w r i t t e n  f o r  t he  f i r s t  m s h i e l d s  where t h e  

emissivi ty  of each sh ie ld  su r face  has the same value as 

Since R1 = R2 = Rm, Equation (4) can be  s implif ied t o  

% = Ri + (An-1) Rs-m 
i , m  

For t he  cor.ditions where the  emissivi ty  of the  cold boundary approaches 

1.0 (Ri = R = 1) and the  sh i e ld  emis s iv i t i e s  are .05 (R = 20) o r  less, 
0 S 

can be obtained with an accuracy of f ive per cent  or b a t t e r  by 
i , m  

el imination of t h e  tams Ri and m f r a u  Equation (4) giving 
% = ( h - l ) R s  

i , m  
Equation (3) can be solved f o r  t h e  temperature of sh i e ld  m and t h e  

appropriate simplifying values subs t i t u t ed  f o r  t he  p a r t i a l  and t o t a l  

r e s i s t a n c e  of the  multi- layer system t o  g ive  

q T  T:) + Ti 4 
Tm = 2n 

For absolute temperatures, T, ,  of the co ld  boundary less than 140% and 

f o r  all 

t o  good 

1. 

but  very small v a l u w  of the  r a t i o  2m-l/2n, T 

accuracy from 
can be obtained m 

T - T  
0 0  

Thus, from t h i s  equation, i t  can be seen that the temperature of 

any sh ie ld  m is a function only of the warm boundary temperature and 

c!*e sh ie ld  positLon. 
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The r e l a t i o n  between the  temperature of any sh ie ld  and i t s  p o s i t i o a  

The ord ina te  is as expressed DY Equation (5a) is shown i n  Figure 111-50. 

t he  r a t i o  of the temperature of sh ie ld  m t o  the  w a r m  boundary temperature. 

This is ploLted aga ins t  the  pos i t i on  of sh ie ld  m i n  a system containing 

n sh i e lds  expressed a s  a r a t i o  of value less tZlan 1.0. From t h i s  f i g u r e  

it  is apnarent, for  example, t h a t  i n  any mult i - layer  system having a warm 

boundary of 80°F (54OoR), approximately f i f t y  per  cent  of t he  sh ie lds  

have a temperature g rea t e r  than 0% (46OOR).  
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Notes: .- 

1 .  Cold Bouidary Less than 140'R 

2 .  Shield Emittances Less than .05 

3 .  Br)undai*y Emtttances Approaching 1.0 

4 .  T,, = Warm Boundary Temperature 

5 .  p = Total Number of Shields in System 

6 .  T,, = Temperature of Shield m Counting from Co!d Boundary 
1 . c  

0.9 

0.8 

C.7 h 

k: 
\ 
E 
Y 0.6 

2 0.5 

0 
U u 

Q, 
k 
3 u 
(d 0.4 

E 
F 0.3 

2 

0.2 

0.1 

0 
0 .1 . 2  . 3  . 4  . 5  .6 .7  .8  .9 1.0 

2m - 1 Shield ?os!tion -- 2n 

~~~ __ 

FIGURE 111-SO TEMPERATURE DISIRIBUTION IN MULTI- 
LAYER INSULATION 
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APPENDIX 111- E - 3  

K P PRODUG 

The p r o h c t  of the thermal conductivity and weight densi ty  of an 

i n s u l a t i o i  provides a measure of t h e  insulaticltfi usefulness i n  space 

appl icat ions and a bas i s  f o r  canparing it with other  systems. A r e l a t i o n  

is  derived i n  which t h i s  p;dI.ict i s  expressed d i r e c t l y  i n  the  measured 

system p rope r t i e s  which inc!.uie t he  heat  f lux,  number of sh i e lds ,  

d i f f e r e n t i a l  temperature, and u n i t  waight of the  multi- layer.  

The apparent thermal conductivity of a G:UI t i - l a y e r  i n su la t ion  is 

expressed DY the  r e l a t i o n  f o r  s o l i d  conduction b-7 

9 x  
K " A  

2 0  where K = thermal conductiviry,  Btu-in/hr-ft  .- F 
2 q/A = heat  f lux ,  Btu/hr-ft  

x = i n su ia t ion  thickness,  inches 

h T = temperature across the insu1tltio1.1, R 0 

The insu le t ion  thickness can a l s o  be expressed i n  terms of the number 

of layers  i u  the  in su la t ion ,  i . e . ,  one sh i e ld  and spac.er per  layer, and 

the measured thickness of t h e  layer .  Thuo, 

L x = n  t 

where n = number of  layers  

t = layer  thickness,  inches L 

3 The insu la t ion  densi ty  i n  l b s / f t  can be expressed by 

L P o 1 2  7w - 

2 
where w = u n i t  weight o f  each layar ,  l b / f t  - layer  L 
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Frau Equatiuns 1, 2,  and 3 ,  the Kpproduc: can be expressed by the 

follow",: 

Each term on the r i g h t  i s  a measurable property and for a given system, 

three of the four teras may be constant. 

Infcsiwttion regardkg the weight per layer and number shlzlds 
used in  each system can be found in T a b l e  111-1. 

and differential  temperature across tke insulation bystems in the 
simulated space environments can be  found i n  the detai l  tabulation 

results for each S Y S C ~ .  

The mea.,ured heat flux 
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IV, EHISSOMETER 

A. Summary 

1. Purpose 

It has been the parpose of t h i s  e f f o r t  t o  measure a t  minimum 

c o s t ,  the  t o t a l  hemispherical emis s iv i ty  (he re ina f t e r  r e fe r r ed  t o  as 

emittance) of r a d i a t i o n  s h i e l d  materials, t o  screen them fx use  i n  

mult i - layer  i n s u l a t i o n  and r e l a t e d  systems and t o  provide added in fo r -  

mation f o r  understanding the r e s u l t s  obtained i n  the f l a t  p l a t e  and 

tank in su la t ion  s t u d i e s  conducted i n  the contract .  

2.  Scope 

As no commercial instrument is a v a i l a b l e  f o r  t h i s  purpose, it 

was necessary t o  design, f a b r i c a t e  and p e r f e c t  the performance of a 

s u i t a b i e  device with which t o  perform the emittance measuremznts. The 

instrument is c u r r e n t l y  su i t ed  f o r  performing measurements on surfaces  

a t  o r  near room temperature; extension *f t h i s  c a p a b i l i t y  t o  lower 

temperature is not  now required but  can be achieved through minor modi- 

f i c a t i o n  of the instrutrent, The instrument w a s  used t o  measure the 

emittance 01 a wide v a r i e t y  of f o i l s ,  p l a t e s ,  and coatings. 
cluded materials having low emittancc values s u i t a b l e  f o r  use as ra- 
d i a t i o n  s h i e l d s  as w e l l  as materials with high emittance values used 

f o r  o the r  purposes r e l a t e d  t o  space vehicles.  

This in- 

3. Conclusions 
1) The measured average emittance of aluminum f o i l s  is about 

.035. 
of aluminum vacuum deposited on lolyester  f i lm. 

The emittance of t he  uncoated surface of po lyes t e r  f i lm, 

f m i l  th ick,  is approximately 10 times g r e a t e r  than when 

m a t e d  with 400°A of aluminum, 

Comparable r e s u l t s  were obtained with about GOOOA 

2) 

3) Compared t b  aluminum f o i l ,  improved emittances appear t o  

be poss ib l e  with po lyes t e r  f i l m  coatings through the use 

of heavy gold coat ings,  gold coated over aluminum and 

protected s i l v e r  coatings. 
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B. Introduct ion 

The considerat ion of the emittance value of sh i e ld  materials i s  of 

primary importance i n  the design of mult i - layer  !-ulations f o r  app l i -  

ca t ion  t o  space vehicles .  The emittance value e s t a b l i s h e s  t h e  number 
05 s h i e l d s  necessary t o  achieve a prescr ibed heat  f law.  

weight of the sh i e ld  material is a n  important considerat ion also as the 

heat  flaJ is t he  r e s u l t  of a n  optimization performed on the weight of 

the in su la t ion ,  the mission c h a r a c t e r i s t i c s ,  and the l o s s  of propel lant  

due t o  boil-of f .  

The u n i t  

The emittance c f  a surface is a r a t h e r  complex funct ion of i t s  
material make up, srnoothr.ess, and temperature. The program described 

ii t h i s  r epor t  has been a n  attempt t o  measure the emittance value a t  
one temperature only acd t o  relate t h i s  value t o  the material with a 

secondary emphasis placed on t he  smoothqess of the surface and o the r  

surface conditions.  Further,  w e  invest igated the metals such as 

aluminum, gold, and s i l v e r  which In pure form have except ional ly  law 
emittance values. Metals i n  the form of f o i l s ,  chemicalplat ing am 

vacuum deposited coat ings have been invest igated.  I n  t h i s  work, we 
have a l s o  obtained information on high emittance surfaces  which are 
involved i n  the  equipment used f o r  p e r f o h i n g  space simulation and 

involved a l s o  with the actual e x t e r i o r  ,orfaces of space vehicles .  

The da ta  obtained has been used primari ly  for developitig a g rea t e r  

understanding of the measurements made wi th  the  mult i - layer  s h i e l d s  i n  

the programs associated with the  f l a t  p l a t e  and tank calorimeter s tudies .  

T h i s  data w i l l  also serve i n  the f u t u r e  as a p a r t i a l  compendium of the 

emittance property sh i e ld  materials. 
C. Experimental Equipment 

1. Pr inc ipa l  of Operution 

The emissometer instrument measures the  t o t a l  hemispher'.cal 

emittance of samples of candidate r a d i a t i o n  s h i e l d  materials. 
been designed t o  p e r m i t  f a i r l y  rapid measurements, i . e . ,  about 2 hours 

p e r  sample, and can be used f o r  comparative measurements without 

extensive ca l ib ra t ion ,  

It f a 6  
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The emissometer uses the receiver  d i s c  p r i n c i p l e ,  A c i r c u l a r ,  

thin-metal blackened d i s c ,  about 7 .5  inches i n  diameter, is placed 

c lose ly  adjacent ,  and p a r a l l e l ,  t o  a c i r c u l a r  sample piece i n  a n  evacuated 

space. The back s i d e  of the receiver  d i s c ,  (also blackened), i s  sur- 
rouned by a black cav i ty  held a t  a temperature low with respect t o  the 

sample temperature. The receiver  d i s c  exchanges heat  with the sample 

on one s i d e  and with the black cavi ty  on the other  s i d e  p r i n c i p a l l y  

by r a d i a t i v e  heat  t r ans fe r .  

f e r  between the sample and the receiver  d i s c  is e s s e n t i a l l y  l i k e  t h a t  

between two i n f i n i t e  p a r a l l e l  planes. Radiative t r a n s f e r  between the 

back s i d e  of the d i s c  and the black cav i ty  is e s s e n t i a l l y  t h a t  between 

two black bodies, Hence, a heat  balance on the  d i s c  y i e lds  the 

ea ua t ion : 

The geometry is such t b s t  the heat t r ans -  

or 
4 

4 4 
T: - T C e -  

8 
Ts - T.d 

Thus, i f  tho aample temperatme, the cav i ty  temperature, and the  d i s c  

temperature are measured, the emissivi ty  of the sample can be de t e r -  

mined, I n  our spparatus,  the aample temperature is maintained constant 

a t  a value of i .'C. 
perature  of l i q u i d  ni t rogen (77OK) and the receiver d i s c  temperature i s  
measured with & thermocouple. 

The cav i ty  temperature i s  maintained a t  the t e m -  

2 .  Description of the Apparatus 

An arsembly drawing of the apparatus i s  shown i n  Figure IV-1. 
Only the vacuua vessel with i n t e r n a l  p a r t s  is shown, 

pumping system is  Shawn schematically i n  Figure IV-2. A l i q u i d  n i t r o -  

gen supply system, and instrumentation f o r  con t ro l l i ng  sample tempera- 
t u r e  and reading the thermocouple outputs are a l s o  required.  

The vacuum 

Referring t o  Figure I V - 1 ,  the sample i s  mounted on the lower 

surface of the sample holder block, p a r t  S .  I t s  temperature i s  main- 

tained a t  a f ixed level by means of a heatzr ,  p a r t  28, 

with thermistor sensing element monitors the temperature and con t ro l s  

A c o n t r o l l e r  
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the heat input t o  maintain a present  l e v e l  within f 0.25'F. 
perature of the sample holder is accurately measured by an imbedded 

copper-constantan thermocotlple. 

The t e m -  

The receiver  d i s c  i s  immediately adjacent  t o  the sample s u r -  

face. The d i s c  i s  blackened on both s i d e s  with 3M Brand Velvet C o a t -  

ing #9564 black, which has a n  emis s iv i ty  of about 0,94.* 

It is extremely important t o  insure t h a t  the major heat input 

t G  the d i s c  i s  the r a d i a t i v e  t r a n s f e r  from the sample and the major 

heat flow from the d i s c  i s  due t o  i t s  r ad ia t ive  intercllange with the 

surrounding cold,  black cavi ty .  The construct ion places  strong em- 

phasis  on minimizing extraneous heat  inptrts t o  o r  o u c p t s  from the 
disc .  The d i s c  i s  suspended by s i x  0.003 inch diameter s t a i n l e s s  steel  

wires which pass r a d i a l l y  outward to  a mounting ring, p a r t  6. 
constantan thermocouple made of 0,001 inch diameter w i r e  i s  mounted 

on the rear surface of the r ece ive r  d i s c ;  the two leads pass  downward 

and c o m e c t  t o  heavier thermocouple leads, which then pass  Que through 

the vacuum s h e l l .  

A copper- 

For law emissivi ty  samples, the r a d i a t i v e  f i u x  received by the 

d i s c  i s  very low and the d i s c  ,emperature approaches t h a t  of the cavity.  

The d m n t i n g  r ing ,  t o  which bo t  I th-- support wires and the thermocouple 

leads are connected (thermally, but not e l e c t r i c a l l y ,  i n  the case of 

the thermocoupie leads) i s  cooled t o  the same temperature a8 the cavi ty ,  

i .e . ,  77'K. 
and thermocouple leads, are thereby minimized f o r  low emissivi ty  samples. 

Thus, even f o r  low emissivi ty  samples, the conductive heat  leaks a;e 

small compared t o  the r a d i a t i v e  t r a n s f e r  on which the measurement de- 

pends, and good accuracy is maintained, 

Conductive heat leaks from the d i sc ,  through the supports 

The black cav i ty  around the receiver  d i s c  is f o m d  by a copper 

tube with a f l a t  end piece,  cooled by a flow of l i q u i d  ni t rogen passing 

through tubes soldered t o  i t s  e x t e r i o r .  The i n t e r i o r  of the cav i ty  is 

a l s o  blackened with the 3M pa in t .  The geometrical arrarlgement of the 

*Emissivity a t  room temperature, measursd by Arthur D. L i t t l e ,  Inc. using 
a calorimeter tec%r;iqua. 
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cavi ty  and mounting r ing  (with ba f f l e s )  is such as t o  prevent r ad ia t ion  

from the w a r m  walls of t he  chamber from passing i n t o  t h e  cav i ty  and 

reaching the d i s c .  

The sample holder can be moved a x i a l l y  i n  i t s  mounting tube and 
is  adjusted so the  -urface of the sample is i n  a plane establ ished by 

four points on the 2nd of the tcbe,  

holder and set i n  posi t ion with the sample holder sub-assembly, parts 1, 

2 and 9 ,  removed from the vacuum vesse l .  

i n se r t ed  i n t o  t h e  vesse:; the construction insures  ttiat t he  sample f ace  

w i l l  be posit ioned, paral1.el t o  the  receiver  d i s c  and a t  a f ixed d i s t m c e  

fxom i t .  In t h i s  way, samples with various thicknesses CB’I be euplaced 

with the same a x i a l  space between the  sampLe ?urface and t h e  receiver  d i s c  

surface,  thereby eliminating va r i a t ions  i n  measurement due t c  change i n  

geometry of t he  set-up. 

The sample i s  placed on the  saniple 

The sub-assembly is then 

The receiver  d i s c  and i ts  mounting r ing  are incorporated j n  a 

second sub-assembly, cons i s t ing  primarily of parts 13, 3, 4, 6 ,  -, 8 and 

26, t h a t  can t e  removed from the  vacucm vesse l  t o  f a c i l i t a t e  ingpection 

of t h e  receiver  d i e c ,  c a l i b r a t i o n  cf its thermocouples ar.d alignment GL t he  

receiver  d i s c  with the sample surface.  

The vacuum vessel  and black cavi ty ,  p r inc ipa l ly  p a r t s  12, 14, 15, 

30 and 31 comprise the  t h i r d  major sub-assembly. 

connecting the  roughing vacuum pump. 
part 17,  paea into the chawhci -hrough pantleg arrangements, parts 16 

and 13. Eour penetrat ions arr  made, two inputs  and two outputs.  The 
twr ,  l i q u i d  ni t rogen c i r c u i t s  w i l l  be connected i n  series external  t o  the  

vaci~”.’.n vessel  ‘ (0 that only one l i q u i d  ni t rogen input is required.  

Pa r t  32 is a port  for  

The l i q u i d  nitrogen coolant tubes, 

The *!m pumping train, shown schematically i n  Figure 2, 

cons is ts  Lgh vacuum valve 2onnected t o  the flange on the vessel, 
a cheviot. baf f le  a t  rcjom temperature, a 2” o i l  d i f fus ion  pump and c1 

forepuap, which a l s o  serves  as a roughing pump. 

not under vacuum, the high vacuum valve w i l l  be kept closed and the 

d i f fus ion  pump running. 

When the  chamber is 
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3. OP era. t ion 

I n  a typ ica l  test ,  the sample w i l l  be mounted on the  sample holder, 

by m a n s  ob: vacuum grease,  and in s s r t ed  Lntc t h e  emissometer. The 

systet;i is then evacuated, 

the roughing valve open, the chamber is pumped dawn t o  about 700 microns. 

Then with the roughing valve close+ an4 the f o r e l i n e  and high vacuum 

valves q e n t  evacuation continues down t o  a l e v e l  of about 10 t o r r .  

J u s t  before the high vacuum valve is opened, the c y l i n d r i c a l  Lav;by and 

receiver  d i s c  mounting r i n g  w i l l  be Gool-d by passiG? l i q u i d  n i t rugen  

Lhrccrgh the  cooling cubos. These cold m r f a c e s  p ro tec t  the sample, the 

receiver'  d i s c  o ~ d  the i n t e r i o r  of the cav i ty  from ,>ill backstreaming 

from tha d i f f u s i o n  pump. 

t o r r  ranje takes abotrt one hour. After th? cnvi ty  is cooled, an addi- 

t i o n a l  hour is required f o r  the  receiver  disc to reach i t s  equilibrium 

temperature. During t h i s  time, the sanple hqlder temperature, hence, 

the sample tempeyature is maintained coristant by the hea te r - con t ro l l c r .  

' t~asurement of t h t  s t eady- s t a t e  teazerature  of the r ece ive r  d i s c  and 

of the sample holder temperature is a l l  t h a t  is repAred f o r  the corn- 

p l e t i o n  of the test, :since the temperature of t he  cav i ty  is known, 

F i r s t ,  w i t h  the f o r e l i n e  valve closed ;a..i 

-6 

-6 The cav i ty  cooldcwn and pumpdown t o  t h e  1C 

4. Axdracy  cf Metisuremmt 

A i-iLti&er of f a c t o r s  combine t o  irrtroduce e r r o r s  i n t o  the 
measurement of the emis s iv i ty  of the sample. These include: 

1) Uncertainty in measuriqg the receiver  d i s c  temperatare. 

2 j  Uncertainty i n  knawing tt,a cav i ty  temperatura 
3) Uncertainiy i n  measuring the sample temperature. 

4) 
5 j  
6) Conductive heat  leaks from the r ece ive r  d i s c  through 7 q ~ p a r t s  

Departure of the emis s iv i ty  of { h e  receiver  r ' i s c  from unity.  

Departure of t he  abso rp t iv i ty  of the cav i ty  from uni ty ,  

and the thermoccuple. 

7) I?-ziarions of the geometry froa that assumea i n  calcul..r?*ng 

the sample emissivi ty .  
Tis have darr ied out a n  ~ ~ ' - 0 1 :  ana lys i s  t o  determine the e f f e c t s  

of these f a c t o r s  on the accuracy 2: determination of the sample ernis- 
s i v i t y .  We estimte t h a t  sample e m i s s i v i t i e s  i n  the range 0.01 t o  1,lr 
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can be d e t s r t h e d  wit?-.'.;;. 510 pe r  cent with very l i t t le c a l i b r a t i o n  of 

the apparatus. Improved accuracy may be a c t  aved by c a l i b r l l i o n .  

Af t e r  c q l e t i o n  o t  the instrumer- , 6 n!mber of runs we.re made 

t o  measure tile emissivi ty  of the sample holder f ace  as a means of de- 

termining tho reproduc1bLlity of r e s u l t s .  

Gays showed values of 0.043, 0.062, 0.063, and 0.041. Hence, the 

measurement was reproducible wit5in a Spread betseen maximum and minimum 

values of about 5 per  cent. 

Runs on four  consecutive 

Measurements on two consecutive days were also made wtth a 

s p e c i a l l y  prepared sample of very Lou emissivizy to  e s t a b l i s h  the u t i l i t y  

of the device f o r  such sarpples. 

1/8 inch thick fused quartz d i s c ,  polished o p t i c a l l y  f l a t  on both s u -  

faces  and coated on one surface by vacuum &posi t ion with a l00U"A 

thick aluninum f i l m .  

two-sided ridhesive tape,  with the aluainum coated surface facing the 

receiver  d i s c  i n  the emissometer. Emissivity values determined from 

the tm runs were both G.022, demonstrating the c a p a b i l i t y  of the  

apparatus f o r  measuring very law emissivi t ies .  

The sample i s  a 2.5  inch diameter x 

This d i s c  WES stuck to the sample holder s i t h  

A high eniittance c a l i b r a t i n g  device f o r  L i * t  instrument vas 

a l s o  b u i l t .  It f i t s  i n  place of the sample holder a d  provides a 

black cav i ty  which can be maintained a t  constant temperature. The 

cav i ty  s i m u l a t e s  a sample with an emittance very c l o s e  t o  i ,  and has 
been used as a periodic cLr;<k on the instrument. 

( 1) Data on the  emittance a t  l ow teuperatures  of the 3 Brand 

Velvet Coating #9564 suggests t h a t  the emittance of the coat ing drops 

from 0.94 a t  roan temperature t o  about 0.8 a t  2OOoK and remains con- 

stant a t  near t h a t  vclue dawn t o  about W'K. I f  so, aWlyUi6 shaws 

t h a t  sample ernittancea indicated by the Emissometer would be higher 

than the actual. vdlues, p a r t i c u l a r l y  f o r  low emittame samples. The 

possible  ertol: would be considerably l a r g e r  than that from any other  
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source w e  have been ab le  t o  i d e n t i f y  (as high as about 30% f o r  a sample 

with e . sO.1) .  

constant and always i n  the same d i rec t ion ,  so that cilapatative measure- 

ments between samples wculd not be affected.  

However, i t  appears ' t h a t  the e r r o r  would be r e l a t t v e l y  

Both receiver  d i s c s  No. 1 and No. 2 w e r e  made frm 2 m i l  

alunlnum which was painted on both s ides  with 3H Velvet Black No. 9654. 

Disc No. 3 is made from 2 m i l  gold f o i l  vhich is coated with platinum 

black A s  noted i n  Table IV-1, the  latter d i s c  w a s  used i n  b e t t e r  than 

50 2 -  r cent  of t h :  measurements made. 

D. R e s u l t s  

Approximately 160 emittance measurements were made with the emisso- 

meter. These r t s u l t s  are presented i n  Table IV-1. The l a r g e s t  number 

of samples t e s t ed  are vacuum deposited coatings on polyestez f i l m .  

Also, rnany aluminum f o i l s  and a number of gold p l a t ed  specimens were 

tes ted.  

t h i s  study. 

High emittance p a i n t s  and coatings received 8- a t t e n t i o n  i n  

With regards t o  coatings a n  a t t e n p t w a s  made t o  e s t a b l i s h  some 

q u a n t i t a t i v e  ueasure of the sauple coating thi-huesses.  W e  have de- 

teirained the electrical  r e s i s t ances  of the f i lms according t o  a method 

commorrly used. Consideration of the equation fo r  r e s i s t ance  s h w s  

that, for s square piece of coated mterial, the r e s i s t a n c e  from one 

edge t o  en opposite edge is given by 
P 

where 

R = Resistance, ohms 

P =  R e s i s t i v i t y  of metal coating, ohm-cms 

6 =  Thickness of metal coating, cms. 

Resistance measurements were made f o r  the var ious samples and the coat-  

ing thicknesses calculated from the equation using a room temperature 

r e s i s t i v i t y  value f o r  aluminum of 2 . 8 5  x 10 ohm-cm, f o r  gold of 

The 2.35 x ohm-cm, and for s i l v e r  of 1.60 x LO ohm-cm. 

-6 
-6 
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sample s i z e  used i n  t h i s  measurement i s  2 x 2 inches square. When t h e  

sh i e ld  material was s u f f i c i e n t l y  large,  a t  least two r e s i s t ance  speci-  

mens were taken i n  a n  area adjacent  t o  that from which the emissometer 

specimen was taken. 

E. Discussion of R e s u l t s  

1. Aluminum F o i l s  

We have made approximately 25 measurements on aluminum f o i l s .  

The emittance r e s u l t s  rang2 from 0.023 t o  as high as 0.103. 

50 p e r  cent of the measured values  are i n  the range from 0,030 t o  

0.040. A s  indicated previously,  w e  consider the emissometer instrument 

t o  have an inherent accuracy b e t t e r  than 10 pe r  cent  based on theo re t i ca l  
considerations and c a l i b r a t i o n  data .  Thus, the observed scatter w e  

feel i s  the r e s u l t  of e i t h e r  surface condition (not necessa r i ly  rough- 

ness) or metal p u r i t y  which w e  have not studied in d e t a i l .  The f r e -  

quency d i s t r i b u t i o n  of the emittance values  f o r  aluminum 3.s shown i n  

Figure I V - 3 .  

About 

2. Al.umFnum Coated Polyester Film 
Approximately 40 measurements were made on po lyes t e r  f i lm  con- 

t a in ing  coated aluminum. 

.Q143 t o  .0773. 

0.030 t o  0.040. See Figure I V - 3 .  I n  one group of 10 tests performed 

with sh i e ld  msterlal used i n  I n s u l a t l c n  System No. 5 ,  w e  obtained 

emittance results i n  a range of 0.0345 +, .044 for coating thicknesses 

that were i n  the range 420 t 40°A. 

3. Uncoated Polyester ? i l m  

The emittance values obtained vary from 

About 50 per  cent  of the data are i n  a range from 

I n  tests performed on May 5 and i n  test 225, the uncoated s ides  

of a n  aluminum and gold coated polyester  f i lm  respect ively gave a n  

emittance r e s u l t  oZ 0.36. This da t a  is discussed i n  Part I11 
Insu la t ion  System No. 2 with reference t o  spectrophotometer measurements 

made with polyester  f i l m .  The emissometer and spectrophotometer measure- 

ments corroborate one another. Thus, :-  appears t h a t  i f  the unccated 

s i d e  has an emittance of about one order of magnitude g rea t e r  than the 

aluminum coated a i d e ,  t h a t  two of these sh i e lds  are required i n  or?er  

t o  achieve a t h e r m 1  sFfectiveness equivcient t o  one aluminum f o i l  shield.  
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4 .  Gold and S i l v e r  Coated Polyester F i l m  

We have s tudied t h e ' v a r i a t i o n  i n  the emittance of gold coatings,  

vacuum deposited on polyester  f i lm,  as a funct ion of the coat ing thick- 

ness i n  the range f x o m  less than 1 A t o  2350 A. The test r e s u l t s  are 

presented i n  Tabla I V - 1  and sumdrized i n  Figure IV-4. The numbers 

in brackets  r e f e r  t o  tes t  numbers given i n  Table IV-I. The da ta  show 

a trend of decreasing emittance with increasing thickness as would be 

expected. 

0 0 

Test 221 performed with specimen coated with gold to a thick-  

ness of 2350OA gave a n  e n i s s i v i t y  value of 0.020. 

with some of the b e s t  values reported for gold a t  o r  near room tem-  

This value compares 

perature .  The da ta  sampldare  too few t o  support f i rm concLusions with 

regard t o  the smallest coating thickness that would correspond t o  the 

b e s t  surface emissivi ty .  However, w e  suspect t h i s  apparent coat ing 

thickness f o r  gold i s  about 200OOA. 

Tests 210 and 2 1 1  were performed with specimens cons i s t ing  of 

gold vacuum deposited on aluminum t h a t  is vacuum deposited on 

polyester  film. 

285OA. 

2OO0A respect ively.  

emittance coupared t o  the average r e s u l t s  obtained wi th  the vacuum 

deposited aluminum coating alone. 

m i l  

The primary'aluminum coating had a thickness of about 

The gold coating on samples 210 and 2 1 1  was about 100°A and 

The results obtained show an improvement i n  the 

Tests 222 and 2 2 3  were performed with specimens coated with 

s i l v e r  on Mylar. 

a l i g h t  coating of s i l i c o n e  oxide. 
a r e  congarable t o  those obtained with the gold specimen used i n  

Test 221. 

Further,  the s i l v e r  on each film w a s  protected with 

The average r e s u l t s  obtained by us 

5 .  L F m i t  of Reflectanc- of a Radiation Shield 

1 , ~  considering the var ious methods of improving mult i - layer  

i n su la t ion  systems, the question arises--what is the  l imi t ing  perform- 

ance t h a t  can be expected i f  the necessary engineering developments 

could be ca r r i ed  out? The f a c t o r s  t h a t  control  the in su la t ion  system 

performance are the number of r a d i a t i o n  sh ie lds  and the manner i n  which 
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each sh ie ld  emits and r e f l e c t s  thennal radiat ion.  It is ,  therefore ,  of 

i n t e r e s t  t o  examine the most r'avorable r ad ia t ion  performance which could 

be achieved with a r a d i a t i o n  s h i e l d ,  assuming t h a t  the performance is  

l imited only by the inherent  p rope r t i e s  of the shield.  

a. Discussion 

L e t  u s  assume t h a t  the sh i e lds  can be separated so  t h a t  

r ad ia t ion  i s  the only mode of heat  t r ans fe r  between the s h i e l d s  and 

that the sh i e lds  are o p t i c a l l y  smooth and chemically pure. The sh ie ld  

surface c3.n then be unde highly r e f l e c t i v e ,  i .e. ,  have as high a t o t a l  

hemispherical r e f l ec t ance  ( p )  as possible  and as low a t o t a l  hemis- 

phe r i ca l  emittance ( E )  as possible .  The two prope r t i e s  are not  i n -  

dependent being d i r e c t l y  r e l a t e d  by: 

* 

1 = € + P  (3) 

so t h a t  the determiniiticn of one property s p e c i f i e s  the other .  

Superconducting f o i l s  sad surface l aye r s  of control ied 

spacing t o  correspond to  i n t e g r a l  mult iples  of a wavelength though 

s u p e r f i c i a l l y  i n t e r e s t i n g  do not provide the b a s i s  for workable in-  

s u l a t i o n  systems. The reasons why they arc not appl icable  are d i s -  

cussed later. 
Careful ly  prepared metallic surfaces  are the most p r a c t i c a l  

To determine how r e f l e c t i v e  a metallic surface could possibly approach. 

be made, assume t h a t  a single metallic c r y s t a l  forms tile surface. Szlr- 

face c r y s t a l s  are i d e a l  r e f l e c t o r s  because they are pure, P l a t ,  hsve 

no i n t e r n a l  boundaries, and thus have a minimum of scattering cen te r s  

a t  the surface and wi th in  the body of the material. 

The r e f l ec t ance  of i n f r a red  r ad ia t ion  a t  the surface is 

dependent on the condition of the e l ec t rons  i n  the c r y s t a l  as well as 

the  wavelength of the impinging r ad ia t ion ,  I n  metals, the long wave- 

length r e f l e c t i v i t y  is r e l a t e d  t o  the d-c electrical conductivity 

* 
Following Worrhing, the terms emiss iv i ty  and emittance are used t o  
s i g n i f y  respect ively the i n t r i n s i c  property of the material (or the 
property which is  equal of a pure o p t i c a l l y  f l a t  sample) and the 
corresponding property of a nonpure, nonflat ,  real sample (emittance). 
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based on the  Drude f r e e  e l ec t ron  m o d e l .  (4) 
equation(4) assumes that t h i s  model is app l i cab le  t o  e l e c t r i c a l l y  

conductive metals a t  the  longer infrar, .d wavelengths and is 

given by : 

The Hagen-Rubens 

R = 1 - 2  ( D / W )  ’I2 o r  A = 2 ( D / w )  1/2 

where 

R = t he  normal s p e c t r a l  r e f l e c t i v i t y  

D = t he  frequency of t he  inc ident  r a d i a t i o n  

b - the e l e c t r i c a l  conduct ivi ty  

A = t h e  normal s p e c t r a l  abso rp t iv i ty  

E: = the normal s p e c t r a l  emissivity 

There are more re f ined  models and equations in 
exis tence  a l s o  based on e l e c t r i c a l  conduct ivi ty  t h a t  attempt 

t o  take  i n t o  accmnt  other  e f f e c t s ;  f o r  example, t he  r e l axa t ion  

time of the  e l ec t rons  i n  the  metal. 5 )  

Since eZectr ica1 r e s i s t i v i t y  2s d i r e c t l y  r e l a t e d  
t o  temperature (conduct ivi ty  is inversely propor t iona l  t o  

temperatare) and the m i t e r i a l ,  t he  Hagen-Rubens equation can 

be expressed i n  t e r m ’ o f  absolu te  temperature and as such 

p red ic t s  t h a t  t he  emiss iv i ty  o r  abso rp t iv i ty  would approach 

zero ( r e f l ec t ance  MO%) as temperature approaches zero. This 

e f f e c t  is predicted qu i t e  a s ide  f r a n  e f f e c t s  of superconductivity 

Thus, high p u r i t y  copper, f o r  example, i s  predic ted  t o  have an 

emissivi ty  a t  the  cryogenic t m p e r a t u r a s  of 10 -5 (6) . 
However, inore recent  t h e o r e t i c a l  der iva t ions  and experi-  

ments show t h a t  these pred ic t ions  are not  co r rec t .  At cryogenic 

temperatures the e f f e c t  of anomalous skin depth begins t o  be impor2ant. 

The result of t h i s  effect i s  t h a t  e l e c t r i c a l  r e s i s t i v i t y  does not con- 

t inue t o  drop as temperature i s  lowered bu t  reaches a l imi t ing  value. 
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I n  the example of copper c i t e d  above, the emissivi ty  will be seve ra l  

hundred times g r e a t e r  ( c  = 

taking account of the anomalous skin e f f e c t .  

t o  10'5 than predicted without 

Since r a d i a t i o n  sh ie lds  operate a t  d i f f e r e n t  temperatures 

depending on t h e i r  pos i t i on ,  the idea l  r e f l e c t i v i t y  of a metal should 

be known e t  a given temperature i n  terms of the electrical r e s i s t i v i t y .  

It appears possible  t o  u t i l i z e  theo re t i ca l  models which have been 

shown t o  give good empirical  r e s u l t s  t o  take i n t o  account anomalous 

e f f e c t s .  

velopment of r ad ia t ion  s h i e l d s  and suggest i n  terms r e l a t e d  t o  econamic 

f a c t o r s  possible  f u r t h e r  increases  i n  performance. 

b. Phenomena Related t o  Hinh R e f l e c t i v i t y  

These models could serve as a guide during engineering de- 

(1) Superconductivity 

Zero electrical r e s i s t ance  w i l l  r e s u l t  i n  100% r e f l e c -  

t i v i t y .  Therefore, a superconductor would appear p o t e n t i a l l y  capable 

of achieving 100% ref lectance.  However, it has been e s t ab l i shed  that 

the phenomenon of superconductivity does not occur with e l ec t rons  

o s c i l l a t i n g  a t  frequencies above the micrwave range. The r e f l ec t ance  

of a superconducting metal t o  infrared is i d e n t i c a l  t o  i t s  ordinary 

(nonsupereonducting) ref lectance,  There is, theref ore,  no apparent 

means by which superconductivity can be made the b a s i s  for a highly 

r e f l e c t i v e  in su la t ing  material. 

(2) Controlled Layer Thickness and Spacing 

Controlled layer thicknesses and spacings can be used 

t o  c r e a t e  b a r r i e r s  that e x h i b i t  very high impedance t o  r a d i a t i v e  

t r a n s f e r  through resonance phenomena. For example, two semi-ref lect ive 

t ransparent  f i lms accurately spaced a t  a dis tance equal t o  one-half 

wavelength w i l l  very e f f e c t i v e l y  impede the  passage of monochromatic 

r ad ia t ion  through the b a r r i e r  formed by the two f i l m s  ac t ing  i n  e f f e c t  

l i k e  a nearly 100% r e f l e c t i n g  foil. 

t h i s  phenonenon because thermal r ad ia t ion  covers a broad wavelength 

band while the control led spacing layer  i s  only e f f e c t i v e  i n  r e f l e c t i n g  

a narrow band, a t  most 20% of the toca l  r a d i a t i o n  represented  by the 

D i f f i c u l t y  arises i n  applying 

Planck d i s t r i b u t i o n .  
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