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EXPERIMENTAL STUDY UNDER GROUND-HOLD CONDITIONS O F  

SEVERAL INSULATION SYSTEMS FOR LIQUID-HYDROGEN 

FUEL TANKS OF LAUNCH VEHICLES 

by Porter  J. Perkins, Jr. 

Lewis Research Center 

SUMMARY 

Three proposed in su la t ion  systems that m a y  be applied ex terna l ly  t o  t h e  
liquid-hydrogen f u e l  tank of launch vehicles  were invest igated under ground- 
hold conditions t o  determine the  appl ica t ion  f e a s i b i l i t y  t o  fl ight-weight tanks, 
Experimental data were obtained on t h e  thermal performance of an uninsulated 
tank and of tanks with th ree  d i f f e ren t  i n su la t ion  systems, 
sealed corkboard bonded t o  the  tank, ( 2 )  sealed and evacuated polyurethane foam 
held i n  place on t h e  tank with a cons t r ic t ive  wrap of prestressed nylon s t rands,  
and (3) sealed and evacuated polyurethane foam with a f i lm  of l i q u i d  ni t rogen 
sprayed on the  ex terna l  surface,  

These were (1) 

Boiloff rates and ove ra l l  coef f ic ien t  of heat transmission f o r  an unin- 
su la ted  aluminum propel lant  tank were determined under ambient atmospheric 
conditions. The in su la t ion  e f f e c t  of a l aye r  of i c e  and f r o s t  on t h e  bare tank 
was a l s o  measured. 

The sealed and evacuated polyurethane foam held i n  place on t h e  tank with 
a cons t r ic t ive  wrap proved t o  be the  bes t  i n su la t ion  system, producing a l o w  
u n i t  weight (0.26 lb / sq  f t )  and low apparent thermal conductivity (0.1 
( B t u ) ( i n . ) / ( b ) (  s q  f t )  (OR) 1. 
over t h e  foam insu la t ion  r e su l t ed  i n  very low heat  inflow r a t e s  of 30 Btu/ 
(hr)(Sq f t )  compared with 156 Btu / (hr ) (sq  f t )  f o r  sealed polyurethane foam. 

The use of a sprayed-on f i l m  of l i qu id  ni t rogen 

INTRODUCTION 

Liquid hydrogen as a high-energy rocket propel lant  for upper s tages  of 
launch vehicles  requi res  thermal pro tec t ion  on t h e  f u e l  tank, 
low boi l ing  temperature of l i q u i d  hydrogen and t h e  r e l a t i v e l y  high r a t i o  of 
wetted tank surface t o  weight of l i q u i d  cause high evaporation rates fram un- 
protected tanks. The r e s u l t i n g  increase i n  tank pressure and boi lof f  losses  
can be l imi ted  t o  acceptable values during ground hold on t h e  launch pad and 
boost through t h e  atmosphere i f  adequate in su la t ion  i s  provided on t h e  f u e l  
tank, 

The extremely 



As tank in su la t ion  imposes a payload weight penal ty  t o  t h e  launch vehicle,  
however, a c a r e f u l  choice of i n su la t ing ,ma te r i a l s  and effect iveness  ,must be 
,made. The in su la t ion  as applied to t h e  tankmust  not only provide t h e  necessary 
thermal protection, but must a l s o  be capable of withstanding t h e  launch condi- 
t i o n s ,  such as aerodynamic loads and heating. These required propert ies  must be 
achieved with t h e  lowest possible  weight, which can be obtained through t h e  use 
of mater ia l s  of low dens i ty  and low thermal conductivity.  
ex te rna l  walls of liquid-hydrogen tanks has t h e  f u r t h e r  requirement t h a t  it be 
protected aga ins t  air  penetrat ing t h e  .material. The ex terna l  w a l l s  of t h e  fue l  
tank, being below t h e  condensation temperature of air ,  produce a cryopumping 
process t h a t  can p u l l  addi t iona l  a i r  through t h e  ,mater ia l  t o  Liquefy near t h e  
cold walls. The presence of l i q u i d  a i r  i n  in su la t ing  material has the e f f e c t  
of r a i s i n g  t h e  thermal conductivity and can s t r u c t u r a l l y  damage t h e  in su la t ion  
as well. 
purge of t he  condensation region with a noncondensable gas such as helium a t  a 
s l i g h t  pos i t ive  pressure. 

Insu la t ion  on t h e  

Air can be excluded frm t h e  in su la t ion  by a hermetic s e a l  or by a 

No one in su la t ion  or design approach appears appl icable  f o r  a l l  upper- 
s tage vehicles. 
mater ia ls  and t h e  design of a n  insu la t ion  system. Other f ac to r s  t o  be consid- 
ered a r e  engineering judgement as t o  r e l i a b i l i t y  of t h e  system, liquid-oxygen 
campat ibi l i ty  of .materials, and ease of fabr icat ion.  I n  some launch p ro f i l e s ,  
pa r t i cu la r ly  f o r  a f inal  s tage,  considerable increase i n  payload weight capa- 
b i l i t y  can be obtained by j e t t i son ing  t h e  in su la t ion  immediately a f t e r  t h e  
period of aerodynamic heating, when it i s  no longer needed, 

Many f ac to r s  ,must be considered i n  t h e  choice of i n su la t ing  

Several  i n s u l a t i o n m a t e r i a l s  have been considered f o r  t h e  upper s tages  of 
Low densi ty  and low thermal conductivity can general ly  be ob- boost vehicles,  

ta ined with t h e  r i g i d  polyurethane foams. 
sealed or purged and f o r  sane appl icat ions must be reinforced and protected 
with f i b e r  g l a s s  or other ,mater ia l s ,  
a l s o  been considered and, although heavier than foam, these  materials can with- 
stand high temperatures on t h e  outside surface,  where aerodynamic heat ing can 
exceed t h e  upper temperature l i m i t  f o r  foam. These ,materials and others ,  along 
with severa l  systems that a re  applied e i t h e r  ex terna l ly  or i n t e rna l ly  t o  t h e  
tank w a l l ,  have been proposed, and t o  some extent  evaluated, f o r  liquid-hydrogen 
booster tanks (ref, 1). 

This ,material ,  however, must be 

The use of corkboard and ba lsa  wood have 

The inves t iga t ion  reported here in  was conducted t o  determine experimentally 
t h e  f e a s i b i l i t y  and thermal performance of t h r e e  insu la t ion  systems not devel- 
oped previously f o r  launch vehicles  that could be applied ex terna l ly  t o  l iqu id-  
hydrogen propel lant  tanks. The three  types of i n su la t ion  systems invest igated 
were (1) sealed corkboard bonded t o  t h e  tank, ( 2 )  sealed and evacuated poly- 
urethane foam held i n  place on the  tank with a cons t r i c t ive  wrap of pres t ressed  
nylon s t rands,  and (3) sealed and evacuated polyurethane foam with a l iqu id-  
nitrogen f i l m  sprayed on the  ex terna l  surface, 
to achieve very s m a l l  heat  inflows t o  t h e  liquid-hydrogen tank, An uninsulated 
liquid-hydrogen tank, with and without a natural accumulation of i c e  and f r o s t ,  
was a l s o  included i n  t h e  inves t iga t ion  t o  determine t h e  magnitude of bo i lof f  
compared with insu la ted  tanks. Flight-weight propel lant  tanks constructed of 
aluminum a l l o y  were used i n  t h e  s tudies ,  which were  conducted a t  t h e  Plum Brook 
Sta t ion  of t h e  Lewis Research Center, 

This t h i r d  system was  an a t k m p t  
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This repor t  presents  descr ipt ions,  appl ica t ion  techniques, and s t r u c t u r a l  
performance during ground hold of t h e  three  proposed in su la t ion  systems. 
m a l  performance of t h e  i n s t a l l e d  insu la t ion  systems, as wel l  as that of t h e  
uninsulated tank, is  a l s o  presented for t h e  ground-hold condition. 

Ther- 

INSULATION SYSTEMS DESIGN 

Low insu la t ion  weight i s  general ly  des i rab le  f o r  rocket booster applica- 
t ion .  This can be achieved by a low-density, low-thermal-conductivity insula-  
t i on ,  A low density-conductivity pK product therefore  becomes a desirable  
insu la t ion  mater ia l  parameter, On t h i s  bas i s  t h e  corkboard used here in  
(pK = 8.6) does not appear as a t t r a c t i v e  as foam, which has lower densi ty  and 
lower thermal conductivity (pK = 0 ,Z ) .  Corkboard may be considered, however, 
f o r  appl ica t ion  where prolonged periods of high surface temperatures (>300° I?) 
can be expected frm aerodynamic heating, s ince corkboard exhib i t s  much b e t t e r  
high-temperature propert ies  than foam does. 

The concept of  a sealed and cons t r ic t ive ly  wrapped polyurethane foam insu- 
l a t i o n  t e s t ed  and described herein w a s  d i rec ted  toward a minimum weight external  
and f ixed system (not  j e t t i sonab le ) .  It i s  believed t o  be a new approach t o  t h e  
appl ica t ion  of low-density foam and t o  the  method of attachment of t he  insula-  
t i o n  t o  the  liquid-hydrogen f u e l  tank. A f l i g h t  appl ica t ion  of t he  sealed- 
foam insu la t ion  would requi re  a heat-protective cover aga ins t  aerodynamic heat-  
ing  over t h e  foam if surface temperatures exceeded 300° F during launch, A 
mater ia l  f o r  such a cover w a s  not determined i n  t h i s  s tudy s ince o n l y t h e  
ground-hold condition, where a heat  sh ie ld  is  not needed, was  investigated.  

A very s m a l l  heat  inflow t o  the l i q u i d  hydrogen i n  t h e  f u e l  tank on t h e  
launch pad can be achieved by (1) a vacuum jacket  around t h e  tank or by ( 2 )  a 
l o w  outside surface temperature produced by using a sh ie ld  of l i qu id  nitrogen 
on conventional f l igh t - type  insulations.  The vacuum jacket  is usual ly  too  
heavy t o  be car r ied  a l o f t  and therefore  must be quickly separated f r o m t h e  
rocket  tank only seconds before launch, Several clamshell  designs have been 
proposed f o r  t h i s  in su la t ing  concept ( ref ,  2 ) -  A somewhat simpler design can 
be obtained by using a sh ie ld  of l i q u i d  nitrogen, This sh ie ld  need only be i n  
the  form of a t h i n  f i l m  produced by a spray of l i q u i d  ni t rogen over t h e  outs ide 
surfaces. The l iquid-nitrogen insu la t ion  system described here in  was  intended 
t o  demonstrate only i n  a gross way t h e  effect iveness  of t h i s  concept. N o  at- 
tempt was made t o  design a p r a c t i c a l  spray system f o r  a launch application, 

Propellant Tanks Used f o r  Insu la t ion  Tests 

Two propellant tanks,  each with a 32-inch diameter and a w a l l  thickness of 
0.082 inch (approaching f l i g h t  weight for r e l a t i v e l y  s m a l l  pressurized systems), 
were used f o r  t h e  insu la t ion  s tud ie s  reported herein. These tanks were consid- 
ered su f f i c i en t ly  l a r g e  f o r  thermal s tud ies  but general ly  not of adequate s i z e  
f o r  study of many fu l l - sca l e  fabr ica t ion  problems. Aluminum a l loy  2014 T-6 w a s  
used throughout the tank  s t ructures .  Tank l. (fig.  1) incorporated th ree  separ- 
a t e  compartments, with l i q u i d  hydrogen s tored  i n  t h e  bottom compartment, l i q u i d  
oxygen normally s tored  i n  t h e  top  compartment, and a heavy-walled sphere f o r  
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Figure 1. - Flight-weight propellant tank 1 used for corkboard i nsu -  Figure 2. - Flight-weight propellant tank 2 used for insulat ion 
lated and uninsulated tank studies. studies. 

helium pressur iza t ion  gas loca ted  between t h e  two cryogenic propellants,  
t h e  insu la t ion  tests, f o r  safety,  l i q u i d  nitrogen w a s  used i n  the  liquid-oxygen 
compartment, and cold helium gas w a s  s tored  i n  t h e  heavy-walled sphere. 
liquid-hydrogen compartment volume w a s  33 cubic f e e t  with a w a l l  sur face  area, 
including the bottom surface,  of 56 square feet, Because of this design, con- 
s iderable  heat  flow t o  t h e  l i q u i d  hydrogen occurred through t h e  bottom of t h e  
tank. 
heat  flow through t h e  dome is generally not c r i t i c a l .  
t h i s  portion i s  ca r r i ed  away with t h e  vent gases. 

I n  a l l  

The 

The port ion of t h e  tank not wetted by t h e  hydrogen representing t h i s  
'Be heat l eak  through 

A second tank design (fig.  2 ) ,  aimed a t  reducing t h e  heat flow through t h e  
This placed wetted area,  w a s  achieved by invert ing t h e  o v e r d l  u n i t  of tank 1. 

t h e  l i q u i d  hydrogen above t h e  l i q u i d  nitrogen and thereby reduced t h e  tempera- 
t u r e  difference across t h e  bottom. Heat inflow w a s  f u r the r  reduced by replac- 
ing t h e  helium sphere with a vacuum-insulated intermediate bulkhead of double- 
w a l l  construction ( see  f ig .  2 ) .  This design a l s o  &lowed f o r  a viewing window 
t o  be instabled a t  t h e  top of t h e  liquid-hydrogen compartment. 
hydrogen volume w a s  35 cubic f e e t ,  and t h e  cy l ind r i ca l  w a l l  surface area w a s  
51 square fee t .  

The l iqu id-  

4 



Phenolic 
varnish :0.001" Mylar sheet 
(one coat)-, 

H e a t  inflow through t h e  heavy 
, s t e e l  f lange at  t h e  base of t h e  

bulkhead w a s  reduced by excluding 
t h e  l i q u i d  hydrogen from the  V- 
shaped annulus around t h e  bottom of 
t h e  tank. A f i l l e r  of polyurethane 
foam about 6 inches deep w a s  held i n  
t h i s  annulus by a w i r e  screen (see 
fig. 2). 

0.2W' 

~ -0.OlU' 

Sealed-Corkboard Insu la t ion  

Test tank 1 w a s  completely 
covered external ly  with a 1/4-inch- 

t h i c k  l a y e r  of corkboard insu la t ion  with a densi ty  of 20 pounds per  cubic foot, 
A cross sec t ion  of t h i s  insu la t ion  system is  shown i n  f igu re  3. The corkboard 
w a s  bonded t o  t h e  aluminum tank w a l l s  with an epoxy adhesive (Epon 820) by using 
an intermediate l aye r  of s t y l e  181 Fiberglas c lo th  between t h e  corkboard and the  
tank w a l l .  I n  a previous invest igat ion (ref .  3) t h e  g l a s s  c lo th  w a s  found nec- 
essary t o  prevent debonding of t h e  corkboard during cooldown of t h e  tank w a l l s .  
The outside surface of t he  corkboard w a s  sealed by a covering of t h i n  Mylar 
f i l m  and phenolic varnish t o  prevent air accumulation i n  t h e  corkboard due t o  
cryopumping during cooldown. This method of sea l ing  w a s  used on t h e  cy l indr ica l  
surfaces,  where only a s ing le  curvature existed,  On double-curvature surfaces  
such as t h e  bottom and top domes of t h e  tank, where t h e  Mylar could not be 
readi ly  applied, a blimp lacquer w a s  used as the surface sealer. 
weight of t he  insu la t ion  system w a s  0.53 pound per  square foot. 

L 0.010'' Epoxy with 
181 Fiberglas cloth-,. 

Vapor blast surface 

A luminum tank wall- 0.08P' 

Figure 3. - Externally bonded corkboard insulation design for liquid-hydrogen 
fueled rocket tanks using seal against a i r  penetration on  outside surface. 
Insulation system weight, 0.53 pound per square foot. 

L 

The ove ra l l  

The experimental method f o r  insu la t ing  liquid-hydrogen tanks reported i n  
reference 3 described corkboard applied t o  t h e  cy l ind r i ca l  s ide  w a l l  surfaces  of 
a s m a l l  tank. The mater ia ls ,  techniques, and engineering employed here were t h e  
same as those described i n  reference 3 but were applied t o  more complex surfaces 
and around connections t o  the  tank. 

Sealed and Constr ic t ively Wrapped Polyurethane Foam Insula t ion  

The low weight of t h i s  second insu la t ion  concept is derived pr inc ipa l ly  
from (1) t h e  use of very low-density foam t h a t  is hermetically sealed and 
( 2 )  t h e  method of attachment of t h e  sealed foam t o  t h e  liquid-hydrogen tank. 
The s t r u c t u r a l l y  weak foam requires  added reinforcement i f  only adhesive bonding 
t o  t h e  tack  w a l l  is used t o  hold t h e  foam i n  place during launch, This would 
increase t h e  weight of t he  foam. The method used herein employs a prestressed 
cons t r i c t ive  wrap of Lightweight nylon s t rands  t h a t  appl ies  a compressive load 
t o  force  t h e  sealed foam against  t he  tank  w a l l .  This technique appears su f f i -  
c i en t  t o  keep t h e  foam i n  place without heavy reinforcement techniques. 
of t h e  sealed and cons t r ic t ive ly  wrapped system as applied t o  tank 2 are shown 
i n  f igu re  4. 

Details 

Sealing technique. - Rigid polyurethane foam with a density of 2.5 pounds 
per  cubic foot  (1/4-in. t h i ck )  w a s  hermetically sealed by a covering of aluminum 

5 



,,,,-Liquid-level probe 

Liquid- 
nitrogen 
spray 
manifolc 

Windshield-% 

Liquid- 
nitrogen 
f i lm on 
surface -. 

Liquid 
hydrogen -+ 

Vacuym,e 
tar, - 

17- nitrogen 

,,-Tank wall , 
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Figure 4. - Details of sealed and constrictive-wrapped polyurethane foam insulat ion system applied to 
propellant tank 2 and of liquid-nitrogen spray system. Insulat ion system weight, 0.25 pound per 
square foot. 

6 



. 

Figure 5. - Nylon constrictive wrap being applied to hold foam insulat ion to liquid-hydrogen tank. 

f o i l  and Mylar laminate, This sea l ing  laminate ( t o t a l  thickness only 
0.0022 in,)  is  composed of two layers  of impermeable aluminum f o i l ,  each 
0.00035 inch th i ck ,  bonded t o  both s ides  of a sheet of Mylar f i l m  0.0015 inch 
thick.  This material i s  ava i lab le  commercially as a vapor b a r r i e r  i n  various 
thicknesses and laminates. 

For ease of handling i n  a large-scale  appl icat ion,  t h e  foam should be 
applied i n  previously sealed individual  panels. A number of separate  panels 
would improve t h e  r e l i a b i l i t y  of t he  system i n  t h a t  a leak would be local ized 
and not a f f e c t  t h e  e n t i r e  system. However, because of t h e  s m a l l  s i z e  of t h e  
tank insulated herein,  individual ly  sealed panels were not used. Instead, foam 
s labs  1/4 inch th i ck  and 6 inches wide were placed d i r e c t l y  over a layer  of 
sea l ing  laminate t h a t  had been previously wrapped against  t h e  cy l ind r i ca l  w a l l s .  
N o  adhesives were used t o  bond e i t h e r  t h e  laminate t o  t h e  tank w a l l s  or t he  
foam t o  t h e  laminate, This necessi ta ted using a widely spaced (l/Z-in.) c i r -  

shown i n  f igu re  5, t o  hold t h e  foam i n  place p r io r  t o  covering t h e  outer  sur- 
faces  with t h e  sea l ing  laminate. This wrap w a s  not t h e  main cons t r ic t ive  wrap 
for holding the  insu la t ion  against  t h e  tank w a l l s ,  The outer  layer  of sea l ing  
laminate w a s  n o t  bonded t o  t h e  foam. Adhesive (Minnesota Mining and Manufac- 
t u r i n g  number 465 with Chem-Lock surface cleaner)  was used only t o  bond inner 
and outer  layers  of laminate a t  the  t o p  and bottam edges of t h e  foam. These 
edges were sealed with a n a r r o w  s t r i p  of laminate s t re tched  around the c i r c m -  
ference of t he  tank and overlapping t h e  inner  and outer s ea l ing  laminates, 
Doubler s t r i p s  were added t o  ensure a pos i t ive  s e a l  a t  t h e  bond l i n e s  on t h e  
edges and a t  t h e  in t e r f ace  between t h e  inner laminate and t h e  tank w a l l .  

,cumferent ia l  wrap of nylon s t rands applied by a fi lament winding machine, as 

The liquid-hydrogen f i l l  and d ra in  l i n e  connection near t h e  bottom of t h e  
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Figure 6. - Load-strain curve for single-strand nylon 
constrictive wrap. 

hydrogen compartment (tank 2 )  presented 3 
sea l ing  problem where t h e  l i n e  protuded 
through t h e  sealed foam. Therefore, t h e  
ci rcumferent ia l  area between t h i s  protu- 
berance and t h e  top  of t he  cy l ind r i ca l  
p a r t  of t h e  tank was  insulated and sealed 
as one continuous section. The short  
dis tance between t h e  f i l l  l i n e  and the  
bottom of t h e  liquid-hydrogen compart- 
ment, which included t h e  protuberance, 
was insu la ted  and sealed as a second 
separate  section. 

Because of t h e  importance of a good 
hermetic s ea l ,  t h e  in su la t ion  was ca re fu l ly  checked f o r  leaks by using a m a s s  
spectrometer. 
(f ig.  4) were used i n  each sealed sec t ion  t o  pump a vacuum within t h e  insula-  
t ion.  The e n t i r e  outer  surface was  surveyed with a j e t  of helium gas. Leaks 
i n  t h e  outer  covering, even a t  t h e  end'opposite t h e  taps ,  were detected by t h e  
m a s s  spectrometer attached t o  t h e  vacuum system. These leaks were repaired by 
patching around t h e  a rea  of t he  leaks  with t h e  sea l ing  laminate and the  same ad- 
hesive as used t o  bond t h e  laminate a t  t h e  edges. 

Taps i n t o  the  in t e r f ace  between t h e  foam and t h e  outer coverings 

Constrictive-wrap technique. - The cons t r i c t ive  wrap applied over t he  
sealed in su la t ion  used nylon s t rands wound by t h e  fi lament winding machine 
shown i n  f igu re  5, Nylon was chosen because of t h e  high s t r a i n  avai lable  i n  
t h e  strands,  The cons t r i c t ive  wrap must have s u f f i c i e n t  s t r a i n  i n  t h e  applied 
condition t o  maintain pos i t ive  compression on t h e  insu la t ion  during tank shrink- 
age f rom ambient t o  liquid-hydrogen temperature (about 0.4 percent fo r  the  a lu-  
minum a l l o y  tank). The compressive load on t h e  in su la t ion  a t  ambient temper- 
a tu re s  was  somewhat a r b i t r a r i l y  chosen a t  about 3 pounds per  square inch with a 
minimum s t r a i n  of 1 percent i n  the  wrap, The experimentally determined load- 
s t r a i n  curve f o r  t h e  nylon s t rands t h a t  was used (f ig .  6 )  shows t h a t  1-pwcent 

TABLE I. - WEIGHT BREAKDOWN OF SEALED AND CONSTRICTIVELY 

WRAPPED FOAM INSULATION SYSTEN 

y o t a l  (two layers)  I 0.00440 I ----- 
Total system weight 

Weight, 
.b/sq f t  

0.0521 
.163 

-0049 
-0109 
.0049 

0.0207 

0.0414 

%. 2565 

%otal  system weight = weight of polyurethane 
foam, weight of nylon constr ic t ive wrap 
(four layers ) ,  t o t a l  weight of sealing 
laminate (two layers) .  



s t r a i n  requi res  about 0.6 pound of tens ion  i n  each s t rand  (bundle of 204 mono- 
fi laments),  
provide a 3-pound-per-sqme-inch compressive load on t h e  16-inch-radius tank, 
Thus, t h e  nylon wrap w a s  applied i n  four  layers  (each about 0.007-in, t h i ck )  
with 80 s t rands per inch a t  a very low angle of wrap (almost no spacing between 
adjacent s t rands) ,  The bottom two layers  were applied dry, and t h e  top  two 
layers  were wrapped with a s i l i cone  r e s i n  binder (Dow Corning A-4000). The 
r e s i n  was used t o  hold the wrap together  and prevent unwinding i n  case of s t rand 
breakage . 

The t o t a l  t ens ion  load i n  t h e  wrap must be 48 pounds per  inch t o  

Weight of system. - The i n s t a l l e d  weight of t h e  sealed and cons t r ic t ive ly  
wrapped foam insu la t ion  system w a s  0.26 pound per square foot,  
breakdown is l i s t e d  i n  t a b l e  I* The i n s t a l l e d  weight of t h e  foam system is less 
than one-half t h a t  of t h e  corkboard insu la t ion  system described previously. 

The weight 

Liquid Nitrogen Sprayed Over Sealed Foam 

For t h e  t h i r d  insu la t ion  system invest igated,  a t h i n  f i l m  of l i q u i d  ni-  
trogen w a s  sprayed over the  outer surface of t he  insu la t ion  t o  reduce t h e  heat  
inflow t o  t he  l i qu id  hydrogen fur ther .  The insu la t ion  surface w a s  kept wet 
with l i q u i d  nitrogen and thus held at  l iquid-nitrogen temperature by a series 
of spray nozzles around t h e  circumference of t he  tank, An outer  sheet-metal 
sh i e ld  protected the  spray from wind and convection currents  and thereby re- 
duced the evaporation losses  of t h e  nitrogen* A sketch of t h e  l iquid-nitrogen 
spray system surrounding t h e  tank is  shown i n  addi t ion to t h e  sealed-foam de- 
s ign  i n  f igu re  4, 
t h e  d i s t r ibu t ion  o r  flow r a t e  of  t h e  l i q u i d  nitrogen. 

The spray system w a s  not necessar i ly  designed t o  optimize 

TEST APPARATUS AND PROCEDURE 

The insulated tanks were t e s t e d  i n  t h e  open outs ide s tand shown i n  f i g -  
ure  7, A schematic diagram of t h e  flow system used i n  t h e  t e s t s  i s  shown i n  
f igu re  €3. 

Instrumentat ion 

Information required t o  determine the  thermal effect iveness  of t h e  insula- 
t i o n  systems consisted of (1) surface temperatures ( ex te r io r  w a l l s  of tank and 
outer  surfaces  of insu la t ion) ,  ( 2 )  rate of bo i lof f  of l i q u i d  hydrogen, and ( 3 )  
a rea  of cy l ind r i ca l  port ion of tank wetted by l i q u i d  hydrogen. Surface temper- 
atures were measured by copper-constantan thermocouples attached to t h e  surface 
with epoxy adhesive. The loca t ions  of t h e  thermocouples on t h e  test tanks are 
shown i n  figure 1 (p. 4) f o r  t h e  uninsulated and t h e  corkboard-insulated tanks 
and i n  f igu re  4 (p. 6 )  f o r  t h e  sealed-foam-insulated tanks with and without t h e  
l iquid-nitrogen spray. 

Instrumentation was provided t o  determine t h e  boi lof f  rate from two mea-  
surements: rate of change i n  l i q u i d  l e v e l  i n  the tank and flow rate of t h e  
vent gas, The l i q u i d  l e v e l  w a s  measured by a capacitance-type probe extending 
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Figure 7. - Propellant tank stand used for insulat ion studies of liquid-hydrogen propellant tanks. 

longi tudina l ly  through t h e  liquid-hydrogen tank  (f igs .  1, 2, and 4, pp. 4 
and 6) .  
located near t h e  e x i t  end of t h e  vent l i n e  ( f ig .  8) .  
ments d i c t a t ed  t h e  use of a long vent l i n e ,  its length  w a s  u t i l i z e d  as a heat 
exchanger t o  r a i s e  t h e  temperature of  t h e  vent gas a t  t h e  flow measuring o r i -  
f i c e  t o  nearly ambient temperature s o  t h a t  t h e  i d e a l  gas l a w  could be used t o  
obtain gas density, Pressure drop across t h e  o r i f i c e  p l a t e  w a s  measured by a 
d i f f e r e n t i a l  pressure transducer, Vent gas temperature and pressure required 
t o  obtain mass flow r a t e  were measured j u s t  upstream of t h e  o r i f i c e  p l a t e  by a 
copper-constantan thermocouple and a pressure transducer,  respectively.  The 
temperature and pressure measurements were recorded on a multichannel oscillo- 
graph. 

Volume flow r a t e  of t h e  vent gas w a s  measured by a ca l ibra ted  o r i f i c e  
Since sa fe ty  require- 

N o  fu r the r  instrumentation was required t o  determine t h e  wetted area,  The 
wetted m e a  was  determined from the  tank geometry and the  l i q u i d  level .  The 
l i q u i d  l e v e l  can be obtained e i t h e r  d i r e c t l y  from l e v e l  gage measurements o r  
i n d i r e c t l y  by in t eg ra t ing  t h e  vent m a s s  flow rate t o  obtain t h e  change i n  l i qu id  
l e v e l  from a known l eve l ,  

The flow systems were  instrumented as shown i n  f igu re  8 t o  monitor system 
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Figure 8. - Schematic of flow system instrumentation used for studies of insulat ion systems on liquid-hydrogen propellant tanks. 

pressures and temperatures during t h e  f i l l i n g  and boi lof f  periods. Closed- 
c i r c u i t  t e lev is ion ,  remotely control led cameras, and observers posted at  se l ec t -  
ed safe  axeas provided f o r  surve i l lance  of t h e  t e s t  a rea  during operations. 
F ie ld  ca l ibra t ions  of t h e  pressure and temperature systems were made p r io r  t o  
each run, 

T e s t  Procedure 

General s a f e t y  precautions were followed during t h e  t e s t i n g ,  including ade- 
quate v e n t i l a t i o n  around the  t e s t  tank, which was  mounted i n  an outside stand as 
shown i n  figure 7 ,  Test operations were conducted from a remote mea, 

Prior  t o  remote operation, t h e  l i q u i d  and vent gas l i n e s  were evacuated t o  
about 1 inch of mercury absolute and then f i l l e d  with helium gas at  a pressure 
s l i g h t l y  above atmospheric. 
helium gas p r i o r  t o  loading. 

The t e s t  tank was purged with ni t rogen gas and then 
Loading of t h e  t e s t  tank t o  capaci ty  w a s  indicated 
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by the  l iqu id- leve l  probe and a l s o  by a sudden increase i n  vent flow r a t e  as 
l i q u i d  hydrogen was pul led off  t he  surface near t h e  top  of t h e  tank i n t o  the  
vent l i n e  by the  high-velocity vent gas. 
closed and the  l i q u i d  hydrogen was allowed t o b o i l  off  a t  a constant tank pres- 
sure  of about 20 pounds per square inch gage u n t i l  t h e  tank was empty. Boiloff 
r a t e s  (change i n  l i q u i d  l e v e l  and vent f l a w  r a t e )  were continuously recorded 
along with all surface temperatures during t h e  boi lof f  period. 
f o r  t e s t  tank design 2 was t h e  vacuum in t h e  intermediate bulkhead, which usu- 
a l l y  held under 

A t  t h i s  po in t  t h e  i n l e t  valve was 

Also recorded 

t o r r  during the  boi lof f  t e s t s .  

After  t he  t e s t  tank was empty, a remotely operated purge system w a s  used t o  
purge the  t e s t  tanks and flow l i n e s  with helium. Following t h i s  operation, it 
was considered s a f e  t o  r e t u r n  t o t h e  a rea  around t h e  t e s t  stand, These proce- 
dures were followed f o r  each tank and insu la t ion  configuration tes ted.  

METHOD OF ANALYSIS AND DATA REDUCTION 

The method used t o  determine the  thermal performance of t h e  t e s t  insula-  
t i o n s  and the  uninsulated tank is bas i ca l ly  t h e  one described i n  reference 4 for 
a cy l ind r i ca l  thermal-conductivity apparatus. Fundamentally, t he  method con- 
sists i n  f i l l i n g  t h e  t e s t  tank with l i q u i d  hydrogen and allowing the  incoming 
heat  t o  vaporize t h e  l i q u i d  a t  constant tank pressure. Tank pressure i s  main- 
t a ined  constant by control led venting, 
a r e  made t o  determine (1) t o t a l  heat  flow r a t e  t o  t h e  l i qu id ,  (2) area  of tank 
adjacent t o  t e s t  i n su la t ion  t h a t  i s  wetted by l i q u i d ,  and (3) a representa t ive  
temperature d i f fe rence  across  insulat ion,  The basic  assumptions required f o r  
t h i s  method a r e  (1) heat  flow i n t o  t h e  tank is  one-dimensional and perpendicular 
t o  t h e  tank walls, (2) steady-state  conditions e x i s t  i n  t h e  insu la t ion  and the  
tank w a l l s ,  (3) t h e  heat  flow r a t e  t o  l i q u i d  through wetted axeas of tank walls 
not adjacent t o  t h e  t e s t  insu la t ion  is  constant,  and (4)  no heat  is t ransmit ted 
t o  the  l i q u i d  by way of t h e  u l lage  gas. With these  assumptions, an a n a l y t i c a l  
expression f o r  t h e  thermal conductivity (or t h e  hea t - t ransfer  coef f ic ien t ,  de- 
pending upon whether an in su la t ion  thickness  is known or used) can be derived 
t h a t  can be evaluated by experimental measurements. 

During the  boi lof f  period, measurements 

The t o t a l  heat inflow r a t e  t o  t h e  l i q u i d  can be expressed as 

where 

iI 
& 

heat flow r a t e  t o  l i q u i d  through t e s t  i n su la t ion  of tank, Btu/hr 

heat  f low r a t e  t o  l i q u i d  from other  sources ( tank  end, piping, e tc . ) ,  
Btu/hr 

For an insu la t ion  thickness t h a t  i s  small compared with the  tank radius  and i f  
s teady-state  conditions a r e  assumed, t h e  heat  flow r a t e  through t h e  insu la t ion  
&I can be obtained from a l i n e a r  form of t h e  Fourier  conduction equation 
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where 

Ka 

& 
AT 

apparent thermal conductivity,  (Btu) ( i n .  ) / ( h r ) ( s q  f t ) ( ' R )  

wetted area of tank wall adjacent t o  t e s t  insulat ion,  s q  f t  

representat ive temperature difference across t e s t  insulat ion,  OR 

Ax insu la t ion  thickness,  in .  

Subst i tut ion of equation (2) i n t o  equation (1) yie lds  

m is, = Ka% + iE (3) 

If Ka, AT, Ax, and QE a re  taken constant and independent of wetted area G, 
d i f f e ren t i a t ion  of equation (3) w i t h  respect  t o  wetted a rea  gives 

which can be solved f o r  t h e  apparent thermal conductivity 

The thermal conductivity of s o l i d  mater ia ls  i s  a funct ion of t h e  mean tem- 
perature of t he  mater ia l .  If t h e  mean temperature i s  f ixed  along with the  tem- 
perature difference across t h e  insu la t ion  AT and the  insu la t ion  thickness 

K a  2 Ax, then equation (3) i s  the  equation of a s t r a igh t  l i n e  w i t h  a slope of 

(eq. ( 4 ) )  and an ordinate  in te rcept  equal t o  &. I n  other words, t h e  t o t a l  
heat inflow r a t e  t o  the  l i qu id  

+. 
plo t ted  as a funct ion of wetted a rea  r e s u l t  i n  a s t r a i g h t  l i n e ,  t h e  thermal 
conductivity of t he  t e s t  insu la t ion  can be determined from t h e  slope of t he  l i n e  
by using equation (5) .  
of t h e  assumptions made i n  der iving equation (3). 

&T is  a l i n e a r  function of t h e  wetted area 
Thus, i f  experimentally determined values of t o t a l  heat i n  flow r a t e  

A, 
& 

The s t r a igh t  l i n e  i s  a l s o  an indicat ion of t he  v a l i d i t y  

The apparent thermal conductivity obtained by equation (3) may be t h a t  of 
t he  insu la t ion  i t s e l f  or  may be a composite of severa l  thermal res i s tances  (tank 
w a l l ,  thermal contact res i s tance ,  e t c .  ) depending upon where t h e  temperatures 
used t o  determine a representat ive temperature difference a r e  measured. I n  
some cases, such as that  of t h e  iininsulated tank of t h i s  repor t ,  it may be more 
meaningful t o  determine an ove ra l l  heat- t ransfer  coef f ic ien t  
d i f f i c u l t y  of es tab l i sh ing  a prec ise  insu la t ion  thickness.  An a n a l y t i c a l  ex- 
pression f o r  an ove ra l l  hea t - t ransfer  coef f ic ien t  
t i o n  (5) by dividing both s ides  of t h e  equation by 

ha because of t h e  

ha i s  obtainable from equa- 
Ax: 
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s ince  by de f in i t i on ,  ha = &/Ax. 

A d i r e c t  measure of t h e  t o t a l  heat  flow rate t o  t h e  l i q u i d  i s  not possible.  
The procedure usual ly  used t o  obtain t h i s  quant i ty  i s  t o  measure t h e  volume 
flow r a t e  of bo i lof f  gas and t o  convert t h i s  t o  mass.flow r a t e  
methods. The t o t a l  heat  inflow r a t e  t o  t h e  l i q u i d  Qr i s  then c a k u l a t e d  
from t h e  m a s s  flow r a t e  and t h e  heat  of vaporizat ion of t h e  l i qu id  hg 
r e l a t i o n  

I% by standard 

by t h e  

where 

h m a s s  flow r a t e ,  lb/hr 

hg l a t e n t  heat  of vaporization (182 Btu/lb f o r  l i qu id  hydrogen a t  35 lb/sq in. 
abs ) 

This approach requi res  t h a t  a l l  t h e  heat  en ter ing  t h e  l i q u i d  r e s u l t s  i n  vapor- 
i za t ion ,  and t h a t  t h e  m a s s  rate of evaporation a t  t h e  liquid-vapor in t e r f ace  i s  
equal t o  t h e  mass flow r a t e  of vent gas at  t h e  measuring s t a t ion ,  t h a t  i s ,  t h a t  
t h e  mass storage capaci ty  of t h e  tank ul lage and associated vent piping i s  con- 
s t a n t .  These requirements can be e s s e n t i a l l y  met if t h e  tank pressure and t h e  
m a s s  average temperature of t h e  gas i n  t h e  tank and t h e  vent l i n e s  a r e  constant 
during t h e  boi lof f  period. Pressure changes r e s u l t  i n  a change i n  heat s torage 
capaci ty  of t h e  l i q u i d  through t h e  change i n  sa tura t ion  temperature, whereas 
pressure and gas ul lage temperature changes r e s u l t  i n  changes i n  m a s s  storage 
capaci ty  i n  t h e  ullage.  

An a l t e r n a t e  method of ca lcu la t ing  t h e  t o t a l  heat flow rate t o  t h e  l i q u i d  
i s  t o  measure t h e  r a t e  of change i n  l i qu id  l e v e l ,  which, by t h e  use of t h e  tank 
geometry, can be converted t o  mass-loss r a t e  of l iqu id .  This m a s s  loss  r a t e  i s  
equivalent t o  t h e  mass flow r a t e  M obtained by measuring t h e  boi lof f  gas f l o w  
r a t e ,  and thus  equation ( 7 )  can be used t o  obtain the  t o t a l  heat flow r a t e  t o  
t h e  l iqu id .  This method requi res  t h a t  only t h e  tank pressure be held constant 
so t h a t  t h e  heat storage capaci ty  of t h e  l i q u i d  does not change during t h e  
boi lof f  period. 

For t he  in su la t ion  thermal performance tes ts  reported herein,  instrumenta- 
t i o n  was provided t o  determine t h e  t o t a l  heat flow r a t e  t o  t h e  l i q u i d  by both 
procedures out l ined.  The liquid-level method w a s  used i n  the  ana lys i s  of t h e  
data ,  however, because t h e  measurements of boi loff  gas flow r a t e  were e r r a t i c  
and it was d i f f i c u l t  t o  def ine accurately t h e  slope of t h e  p lo t  of t o t a l  heat 
flow r a t e  as a func t ion  of wetted a reas  45.. 

I n  reducing t h e  t es t  da ta  f o r  t h e  various insu la t ions ,  t h e  l i q u i d  l e v e l  or 
height w a s  p lo t t ed  as a funct ion of bo i lof f  time, as shown for a t y p i c a l  t e s t  
i n  f igu re  9 f o r  t h e  sealed-foam insulat ion.  The r a t e  of change i n  l i q u i d  level,  
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Figure 9. -Typical change in l iquid level dur ing boiloff of l iquid hydrogen from sealed-foam-insulated tank. 

which i s  required t o  determine t h e  
m a s s  loss r a t e  of l i qu id ,  was  deter-  
mined from t h e  l o c a l  slope of t he  
f a i r e d  curve of l i q u i d  l e v e l  against  
bo i lof f  time a t  various leve ls .  The 
m a s s  l o s s  r a t e s  $I were then con- 
verted t o  t o t a l  heat inflow r a t e s  
t o  t he  l i q u i d  &T by equation ( 7 ) .  
The t o t a l  heat flow r a t e s  thus ob- 
ta ined  were then p lo t t ed  as a func- 
t i o n  of wetted area A,. A t y p i c a l  
p lo t  of & as a funct ion of A, 
(same t e s t  as shown i n  f i g .  9 )  i s  
shown i n  f igu re  10. The r e su l t i ng  
p l o t  i s  not a s t r a i g h t  l i n e  over t h e  
complete range as w a s  predicted by 
t h e  ana lys i s  (eq. (3)) .  The curve 
i s  f a i r l y  l i n e a r  i n  t h e  midportions 
of t h e  tank but deviates  consider- 
ab ly  a t  high and low l iqu id  leve ls .  4 8 12 16 M 24 28 

Wetted area, A,, sq ft 
32 4 0 4 4  

Figure 10. - Typical plot of total heat inflow rate against wetted area 
as determined from boiloff curve of f igure 9. 

The deviat ion a t  t h e  high l i q -  
uid l eve l s  i s  probably due to 
nonsteady-state conditions; t h a t  
i s ,  insu la t ion  and tank w a l l s  a r e  
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Figure 11. -Typical variations in surface temperatures dur ing  boiloff of l iquid hydrogen 
from sealed-foam-insulated tank. (Thermocouple 5 was inoperative.) 

not a t  t h e  f i n a l  equilibrium temperature. A t  t h e  low l iqu id  leve ls ,  t h e  asswnp- 
t i o n  of one-dimensional heat flow through the  t es t  insu la t ion  i s  probably not 
va l id  because of t h e  dis turbing e f f ec t  of t h e  heat leak through the  tank bottom. 
A n  estimate of t h e  heat flow through the  tank bottom can be obtained by extend- 
ing t h e  l i n e a r  port ion of t he  t o t a l  heat-flow e w e  t o  zero wetted area. 

The f i n a l  s t ep  i n  t h e  evaluation of t h e  thermal performance of t he  insula-  
t i o n  system w a s  t h e  determination of t he  apparent thermal conGuctivity of t he  
insu la t ion  Ka by t h e  use of equation (5) .  The parameter dQT/dAm w a s  deter-  
mined by the  slope of t h e  l i nea r  port ion of t h e  curve of t o t a l  heat 
flow r a t e  as a funct ion of wetted area, as i l l u s t r a t e d  i n  Pigure 10. The in-  
su l a t ion  thickness Ax w a s  taken as t h e  thickness of t h e  basic  insu la t ion  
material (0 .25 in.  f o r  both corkboard and sealed foam). ?"ne only other fac tor  
needed t o  determine t h e  apparent thermal conductivity of t h e  insu la t ion  system 
i s  a representat ive value of t h e  temperature difference AT across t h e  insula- 
t i o n .  

A ~ T / M ~  

The solut ion of a representat ive temperature difference KC across the  
insu la t ion  w a s  complicated by t h e  f a c t  t h a t  t h e  outer insu la t ion  surface temper- 
a ture  varied both i n  t i m e  and from one pos i t ion  t o  another, as shown i n  f i g -  
ure 11 f o r  the  sealed-foam-insulated tank ( s a m e  t e s t  as f i g s .  9 and 10). I n  
t h e  ea r ly  port ion of t h e  boi loff  period, t h e  temperatures a t  a l l  posi t ions de- 
creased rap id ly  with time as f r o s t  formed over the insu la t ion  surface.  The t e m -  
perature decreased as t h e  f r o s t  accumulated because of t he  insu la t ing  e f f ec t  of 
t he  f r o s t .  This rap id  change i n  temperature i s  an indicat ion tha t  a steady- 
state condition did not e x i s t  i n  the  insulat ion,  and t h i s  i s  r e f l ec t ed  i n  the  
t o t a l  heat flow rate f o r  t he  nearly f u l l  tank ( f i g .  10).  The differences i n  
temperatures a t  various posi t ions for any given t i m e  are not completely under- 
stood. The thermocouples w e r e  located a t  various circumferential  posi t ions on 
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t h e  tank w a l l  as w e l l  as a t  various a x i a l  pos i t ions ,  so  they may have encounter- 
ed considerable va r i a t ions  i n  f r o s t  thickness.  The t e s t  tanks were mounted i n  a 
p a r t i a l l y  open outs ide t e s t  stand, and therefore  t h e  wind d i rec t ion  and t h e  
ve loc i ty  may have influenced t h e  l o c a l  thickness  of t h e  f r o s t .  The wind was ob- 
served t o  blow off small a reas  of f r o s t  from time t o  time. Loss of f r o s t  w a s  
probably t h e  cause of t h e  occasional sudden increases  i n  insu la t ion  temperature 
shown i n  f igu re  11. During and following t h e  period of constant heat  f l ux ,  t h e  
outer  sk in  temperatures were more near ly  constant with time but s t i l l  showed a 
va r i a t ion  with posi t ion.  

In  t h e  determination of a representa t ive  outer  surface temperature, only 
t h e  temperatures measured below t h e  l i q u i d  l e v e l  and during the constant-heat- 
f l u x  port ion of t h e  boi lof f  period were considered. The representa t ive  temper- 
a t u r e  selected w a s  an average value over th i s  t i m e  period and included various 
pos i t ions  if more than  one thermocouple w a s  located below t h e  l i qu id  leve l .  The 
i n t e r n a l  insu la t ion  thermocouples did not exhib i t  l a rge  var ia t ions  i n  temper- 
a tu re  e i t h e r  i n  t i m e  or with posi t ion.  These temperatures were approximately 
t h a t  of t h e  l i q u i d  hydrogen. The se l ec t ion  of a representat ive outer i n su la t ion  
temperature w a s  not as c r i t i c a l  i n  t h e  determination of thermal conductivity i n  
these  cases as it might be i n  other cases,  because t h e  var ia t ions  i n  outer  insu- 
l a t i o n  surface temperature a r e  s m a l l  compared with t h e  temperature difference 
across t h e  insu la t ion .  The differences i n  outer insu la t ion  temperatures f o r  t h e  
insulated tank were of t h e  order of 30° F, while t h e  temperature difference 
across t h e  insu la t ion  was of t h e  order of 350° F. 
outer  insu la t ion  temperature would produce an e r r o r  of about 4 percent i n  the r -  
m a l  conductivity. 

Thus, an e r ro r  of 15' F i n  

The data  reduct ion procedure out l ined previously appl ies  only t o  t h e  insu- 
l a t e d  tanks. For t h e  uninsulated tank t e s t s ,  a n  ove ra l l  heat- t ransfer  coef f i -  
c i en t  was determined (eq. ( 6 ) )  because an in su la t ion  thickness could not be 
defined. The temperature difference used was t h e  difference between ambient at-  
mosphere and l i qu id  hydrogen. 

RESULTS AND DISCUSSION 

This sec t ion  presents  (1) qua l i t a t ive  observations during t h e  ground-hold 
t e s t i n g  of t h e  th ree  in su la t ion  systems s tudied and ( 2 )  t h e  thermal performance 
of each system measured from boi lof f  tests. The thermal-performance da ta  f o r  
both t h e  uninsulated tank and t h e  tanks insu la ted  with corkboard and sealed 
polyurethane foam a r e  given i n  t a b l e  11. 

Corkboard Insu la t ion  

Following t h e  f i rs t  loading of tank 1 w i t h  l i q u i d  hydrogen, inspect ion of 
t h e  outer  surfaces  revealed cracks i n  the corkboard, p a r t i c u l a r l y  i n  t h e  bottom 
dome m e a ,  as shown i n  f igu re  1 2 ,  and i n  t h e  Mylar seal on t h e  cy l ind r i ca l  sur- 
faces.  Later inspect ion showed separat ion of t h e  corkboard f r o m  t h e  w a l l s  of 
t h e  tank. I n  f a c t ,  when t h e  insu la t ion  was completely removed from t h e  tank a t  
t h e  completion of t e s t i n g ,  about 50 percent of t h e  surface a rea  w a s  found t o  be 
unbonded. Loss of i n su la t ing  e f f e c t  occurs when a i r  en te r s  t h e  insu la t ion ,  
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Insu la t ion  
type 

Corkboard - 
insu la ted  tank 
(1/4 in. t h i ck )  

Sealed and cons t r i c -  
t i v e l y  wrapped 
polyurethane-f oam- 
insu la ted  tank 
(1/4 in. t h i ck )  

Liquid nitrogen 
sprayed over 
sealed foam 

Uninsulated tank 
(condensing a i r  
on sur face)  

Jninsulated tank 
( l aye r  of i c e  and 
f r o s t  on sur face)  

Pest 

~ 

1 

1 
2 
3 

kverage 
x t s i d e  
surface 
temper- 
a ture  , 
OF 

-83 

-25 
- 32 
-80 

-317 

-340 

-380 

lepresentatim 
temperature 

d i f fe rence  
across  

insu la t ion ,  
m, 
OF 

(a) 

335 

393 
38 6 
338 

101 

78 

38 

Lrithmetic 
mean 

msulatior. 
temper - 

a t u r e  , 
OR 

227 

2 38 
2 35 
211 

93 

-- 

-- 

“Inside temperature of -418’ F assumed for satura-ced l i q u i d  

lo t a l  hea t  
inflow 
r a t e  , 
&T/AWJ * 
32 5 

15 6 
156 
102 

30 

8120 

3960 

Overall  
heat - 

t r a n s f e r  
:oef f ic ien t  , 

‘a, 
Btu 

hr) ( s q  ft) 

-- 

-- 
-- 
-- 

-- 

16.3 

8.0 

Apparent 
thermal 

conductivity,  
KaJ 

0.24 

0.10 
0 10 
.08 

0.07 

---- 

---- 

t tank pressure of 20 lb/sq in .  gage. 

p a r t i c u l a r l y  i f  it reaches t h e  tank w a l l s  and condenses. This i s  apparently 
what occurred, s ince b l i s t e r s  i n  t h e  Mylar surface i n  several  areas indicated 
f a i l u r e s  i n  t h e  sea l ,  which allowed a i r  eventually t o  reach the  tank surface. 
During warmup a f t e r  a t e s t ,  expansion of t h e  l i q u i d  a i r  broke t h e  bond between 
the  corkboard and t h e  tank. 
period could have been caused by t h i s  ac t ion  taking place.  
( r e f .  5)  have observed s i m i l a r  r e s u l t s  x i t h  corkboard on tanks containing l i q u i d  
hydrogen . 

Sharp cracking sounds heard during the  boiloff 
Other invest igators  

The f a i l u r e  of t h e  corkboard insulat ion i n  these  t e s t s  may have been t h e  
r e s u l t  of t h e  inadequacy of techniques f o r  bonding and seal ing t o  complicated 
surface contours ( top  and bottom domes) and around attachments to the  tank. 
Application techniques, which were successful as described i n  reference 3 and 
followed here,  were employed i n  reference 3 only on t h e  s t r a i g h t  cy l indr ica l  
surface of a s m a l l  tank. Fabrication problems f o r  curved surfaces and j o i n t s  
were not s u f f i c i e n t l y  resolved i n  t h e  l imited scope of t h i s  invest igat ion t o  
produce a completely successful system. 

The t o t a l  heat inflow r a t e  6~ determined from t h e  boi loff  t e s t s  of t h e  
corkboard insulated tank i s  shown i n  f igure  13 p lo t ted  against  wetted area +. 
The apparent thermal conductivity determined from t h e  near ly  l i n e a r  portion of 
t h e  curve shown i n  f i g u r e  13 (0.24 (Btu) ( in .  )/(hr) (sq ft) (OR) ) w a s  about the 
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same as t h a t  reported i n  refer- 
ence 3 f o r  a small tes t  tank 

Figure 12. - Cracks in corkboard insulat ion (area sealed with lacquer on lower 
dome) following cooldown of tank with l iquid hydrogen. 

4 8 
; 12 

16 
I 24 28 

Wetted area, A,, sq ft 

I 36 
4 0 4 4  

Figure 13. - Plot of total heat inflow rate against wetted area for boil- 
off tests of corkboard-insulated tank. 

(0.24 to 0.26 (Btu)( in . ) / (sq f t )  
(OR) 1. 

Sealed and Constr ic t ively Wrapped 

Foam Insulat ion 

Although t h e  foam insulat ion 
w a s  designed as a completely sealed 
system and was  helium t i g h t  before 
t e s t i n g ,  some leaks were detected 
by t h e  vacuum measurements during 
t h e  f i rs t  cooldown of t h e  tank t o  
liquid-hydrogen temperature. These 
leaks were located and repaired 
w i t h  patches of t h e  seal ing l a m i -  
nate and/or Narmco adhesive applied 
over t h e  area of t h e  leak. A posi- 
t i v e  s e a l  between t h e  tank w a l l s  
and t h e  foam panels on the  circum- 
f e r e n t i a l  end sea ls  a t  t h e  top and 
the  bottom of t h e  tank w a s  t h e  most 
d i f f i c u l t  t o  achieve. On succeed- 
ing cooling cycles,  however, t h e  
s e a l  remained air t i g h t .  
sure a t  t h e  t a p  on t h e  outside of 
t h e  foam indicated l e s s  than 
25 microns with continuous vacuum 
pump operation. 

The pres- 

One cause of leaks occurring 
a t  low temperatures was  the  shrink- 
age of t h e  tank during cooldown, 
p a r t i c u l a r l y  i n  t h e  longitudinal 
direct ion.  Some buckling of t h e  
outer nylon cons t r ic t ive  wrap i n  
the  a x i a l  d i rec t ion  of the  tank 
occurred, as evidenced i n  f i g -  
ure 14  by wrinkles showing through 
t h e  f r o s t  layer .  This buckling 
ac t ion  undoubtedly caused undesir- 
able  shear forces  on t h e  sea lma-  
t e r i a l  under t h e  wrap. I n  t h e  
appl icat ion t e s t e d  here the  wrap 
w a s  applied a t  a very s m a l l  h e l i x  
angle w i t h  l i t t l e  separation be- 
tween strands.  Thus, when t h e  cold 
tank w a l l  contracted, t h e  warmer 
outer wrap could not follow t h e  
reduced length without buckling. 
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Figure 14. - Buckling of nylon outer wrap from shrinkage of 
tank (tank 2) filled with liquid hydrogen. 

g g.- 
E. >?;, 

-C-59675 

foam-insulated 

Wetted area, A,, sq ft 

Figure 15. - Plot of total heat inflow rate against wetted area for boil- 
off tests of sealed and, constrictively wrapped foam-insulated tank. 

Buckling of t h e  wrap can probably 
be- prevented by providing a wider 
spacing between adjacent s t rands 
and wrapping at  a grea te r  h e l i x  
angle. 

t h e  sealed-foam insu la t ion  was  de- 
termined from th ree  boi lof f  t e s t s .  
The t o t a l  hea t  inflow r a t e s  during 
these  t e s t s  a r e  shown i n  f igu re  15 
p lo t t ed  against  wetted area. The 
average apparent thermal conductiv- 
i t y  K a  determined f romthese  
curves (0.10 (Btu) ( in .  ) / 
( h r ) ( s q  f t ) ( O R )  a t  a mean temper- 
a tu re  of about 235' R )  i s  about t h e  
lowest value t h a t  can be expected 
from foam-insulated liquid-hydrogen 
tanks. A comparison of t h i s  value 
with the  bas ic  thermal conductivity 
f o r  t h e  c loses t  reference data  f o r  
t h i s  type of foam ( re f .  6 )  i s  shown 
i n  f igu re  1 6 ,  where K, i s  p lo t ted  
as a funct ion of t h e  mean temper- 
a tu re  between t h e  warm outside and 
cold ins ide  surfaces  of t h e  foam. 
The ove ra l l  Ka f o r  t he  sealed- 
foam system appears t o  be s l i g h t l y  
lower than t h a t  measured f o r  a 
s i m i l a r  type foam i n  a thermal- 
conductivity apparatus. This may 
be explained by t h e  f a c t  t h a t  t he  
Ka value measured here in  repre-  
sen ts  an ove ra l l  value f o r  t h e  
sealed-foam system, where a vacuum 
exis ted  between the  hot and cold 
surfaces  of t h e  insu la t ion  system. 
This vacuum may have aided i n  the  
ove ra l l  insu la t ion  e f f ec t .  Actual- 
l y t h e  improved ove ra l l  K, value 
f r o m t h e  evacuated system i s  a 
bonus s ince t h e  foam must be sealed 
t o  prevent cryopumping of a i r  i n t o  
t h e  foam. 

The thermal performance f o r  

The r e s u l t s  obtained i n  t h i s  
study show t h e  advantage of a 
sealed-foam system over a helium 
purge system, where according t o  
unpublished da ta  obtained at Lewis 
the  apparent thermal conductivity 
Ka can be as high as 
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0.52 (Btu) ( in . ) / (hr ) ( sq  f t ) ( O R ) ,  
which i s  about f i v e  t i m e s  mea te r .  - 
Higher thermal conductivity re-  
quires  th icker  foam f o r  t h e  s a m e  
heat inflow, which i n  t u r n  means a 
heavier insulat ion system. 

! I l l ] Liquid Nitrogen Sprayed 
o Without l iquid nitrogen spray 

Over Sealed Foam - 0 With  l iquid nitrogen spray )Tank 2- 
, I Thermal-conductivity apparatus (ref. 6) 

100 m 300 400 500 600 The sealed and cons t r ic t ive ly  Mean insulat ion temperature, OR 

Figure 16. - Comparison of previous thermal-conductivity data and 
results for propellant tank 2 on  sealed and constrictive-wrap 
Freon-blown polyurethane foam insulat ion wi th density of 2.5 Over the 
pounds per cubic foot. outer surface during the  boi loff  

wrapped foam insu la t ion  appeared t o  
be unaffected structurally by the  
liquid nitrogen 

period except for a vacuum leak 
t h a t  developed a t  an edge seal .  

Inspection of t he  insu la t ion  system mater ia ls  following t h e  l iquid-nitrogen 
spray t e s t  and a f t e r  previous t e s t s  without l i qu id  nitrogen revealed no serious- 
l y  adverse e f f ec t s .  
seal ing laminate w a s  noted on t h e  cy l indr ica l  area of t he  tank a f t e r  t he  l iquid-  
nitrogen spray t e s t .  Complete inspection of t he  foam, however, showed no cracks 
or v i s ib l e  change i n  t he  foam s t ruc ture .  

Some debonding of t he  aluminum f o i l  from t h e  Mylar i n  t h e  

The e f f ec t  of t h e  l iquid-nitrogen spray on t h e  drop i n  l i qu id  l e v e l  during 
A lower rate of t he  boi loff  period can be seen i n  t h e  p lo t  shown i n  f igure  17 .  

Liquid 
nitrogen 
spray on 

20 

'. \ 
'. 

iirc 

b. 

!n I 

\ 

160 1 %  c 

0 
Boiloff time, min  

Figure 17. - Change in l iquid level dur ing  boiloff of l iquid hydrogen from sealed-foam-insulated tank 
with and without l iquid-nitrogen spray over insulation. 
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boi lof f  a f t e r  t h e  spray w a s  ac t iva ted  i s  indicated.  The t o t a l  heat inflow rate 
QT The low temperature of t h e  
outs ide surface wetted with l i q u i d  ni t rogen (-317O F) produced a correspondingly 
low temperature d i f fe rence  across  t h e  in su la t ion  (lolo F). 
thermal r e s i s t ance  i n  t h e  insu la t ion ,  a s m a l l  temperature difference across  t h e  
insu la t ion  produced a low heat inflow r a t e  t o  t h e  l i q u i d  hydrogen. As  deter-  
mined from t h e  slope of t h e  near ly  l inear  por t ion  of t h e  curve of f i g u r e  15, t h e  
t o t a l  heat inflow rate measured only 30 Btu per hour per square foot  compared 
t o  156 Btu per hour per square foot  f o r  t h e  sealed foam without t h e  l i q u i d  
nitrogen. 

determined from t h i s  p lo t  i s  shown i n  f igu re  15. 

Thus, with a f ixed  

The apparent thermal conductivity of t h e  foam (0.07 (Btu) ( i n . ) /  
( h r ) ( s q  f t ) ( ' R ) )  agreed general ly  with t h e  bas ic  thermal conductivity da ta  f o r  
foam at a low mean temperature (93' R) , as shown i n  f igu re  16.  
was not as low as might be expected from t h e  previous tank tests without t h e  
l iquid-ni t rogen spray. 
leak  i n  t h e  sealed foam t h a t  occurred during t h i s  t e s t .  

The conductivity 

This may be explained by t h e  l o s s  i n  vacuum from an edge 

Uninsulated Tank 

The high hea t - t ransfer  r a t e  t h a t  can be expected through an uninsulated 
tank i s  i n  pa r t  caused by extremely cold exposed tank walls t h a t  can cause t h e  
l iquefac t ion  of air on t h e  outs ide surfaces. 
l i q u i d  hydrogen depends upon t h e  difference i n  temperature between t h e  outside 
and inside f l u i d s ,  t h e  surface conductances of t h e  outs ide and ins ide  w a l l s ,  and 
t h e  thermal conductivity of t h e  w a l l  mater ia l .  The r e s i s t ance  t o  heat flow t h a t  
normally e x i s t s  a t  t h e  outside surface drops considerably with t h e  presence of 
t h e  l i q u i d  air. This e f f e c t  combined with t h e  heat  l i be ra t ed  by t h e  condensa- 
t i o n  process r e s u l t s  i n  a very high heat inflow rate. 

The rate of flow of heat i n t o  t h e  

Under ce r t a in  conditions,  a layer  of i c e  and f r o s t  can be formed on t h e  
tank surfaces.  An accumulation of f r o s t  alone i s  usual ly  washed off by t h e  l i q -  
uid a i r .  Ice ,  on the  other  hand, is  much less porous, and if  formed d i r e c t l y  on 
t h e  tank w a l l s ,  can provide su f f i c i en t  temperature gradient through a s t rongly 
adhered layer  t o  r a i s e  t h e  outs ide surface temperature above t h a t  f o r  t h e  con- 
densation of a i r .  A coating of i c e  th i ck  enough t o  prevent air  condensation can 
be formed on t h e  tank w a l l s  by the  ambient environment i n  at  l e a s t  t w o  ways: 
(1) by melting and re f reez ing  of an earlier f r o s t  formation, or ( 2 )  by slow 
cooling of t h e  tank w a l l s  from ambient conditions t o  below t h e  dew point and 
condensation of moisture before t h e  temperature drops below t h e  f reez ing  point. 
Prost  can, i n  t i m e ,  form over t h e  i c e  layer  and remain s ince no l i q u i d  air  i s  
produced t o  wash it o f f .  

When t h e  tank was being f i l l e d  with l i q u i d  hydrogen, a heavy f r o s t  forma- 
t i o n  occurred during cooldown of t h e  tank w a l l s .  
r i s e  i n  t h e  tank,  t h e  f r o s t  appeared t o  melt. Actually,  l i q u i d  air forming on 
t h e  w a l l s  under t h e  f r o s t  was  washing t h e  f r o s t  down t h e  w a l l s .  As  t h e  l e v e l  of 
hydrogen dropped i n  t h e  tank during bo i lo f f ,  f r o s t  re-formed above t h e  level of 
t h e  l iqu id .  
then were recooled with a second loading of l i q u i d  hydrogen. In t h i s  case a 
layer  of i c e  about 0.010 t o  0.020 inch t h i c k  was formed d i r e c t l y  on t h e  tank 
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When l i q u i d  hydrogen began t o  

I n  one t e s t  t h e  walls were allowed t o  warm t o  above f reez ing  and 



d 
  NU^ Ite 

/ 

=Film 

Uninsulatt '1- L d a i a  from 

nk ' ' with *b 

Temperature of wall minus temperature of liquid, OR 

Figure 18. -Comparison of results from uninsulated tank tests with experimental 
data for boiling heat transfer for liquid hydrogen. 

w a l l s ,  and no condensing of air w a s  observed. However, a marked change i n  t h e  
appearance of t h e  f r o s t  formation t h a t  formed over t h e  i ce  w a s  seen t o  accompany 
t h e  r i s e  i n  l i qu id  l e v e l  i n  t h e  tank. The very white appearance of t h e  i n i t i a l  
f r o s t  changed t o  a darker shade s i m i l a r  t o  a wet, slushy formation. 

The ove ra l l  coef f ic ien t  of heat  t r ans fe r  ha 
sented i n  t a b l e  I1 (p. 18) w a s  determined from t h e  ove ra l l  heat i n f l u x  4/4J 
and the  difference i n  temperature between ambient air and the boi l ing  l i q u i d  
ins ide  the tank. For t h e  condition i n  which l i q u i d  a i r  formed on t h e  outer 
w a l l s ,  t h e  measured heat i n f lux  of 8120 Btu per hour per square foo t  obtained 
herein agreed reasonably wel l  w i t h  a calculated value of 6700 Btu per hour per 
square foot  given i n  reference 7 f o r  s i m i l a r  conditions. 

f o r  t h e  uninsulated tank pre- 

The insu la t ion  e f f e c t  of a layer  of f r o s t  and i c e  on a bare tank w a s  shown 
t o  be s ign i f i can t  i n  comparison with the  condition f o r  which condensing a i r  oc- 
curred. 
t a b l e  11) was measured with t h e  accumulation of i ce  and f r o s t  that  remained on 
t h e  tank during the  boi lof f  period. This suggests t h a t ,  if the outer  surface 
temperature can be maintained above t h e  a i r  condensation temperature by a very 
small amount of insu la t ion ,  a layer  of f r o s t  w i l l  form and fu r the r  contr ibute  t o  
t h e  insu la t ion  e f f e c t .  Such a systemmay be adequate f o r  f i r s t - s t a g e  booster 
tanks,  i f ,  f o r  example, only f u e l  losses  during ground hold a r e  t h e  major con- 
cern and can be made up by fue l ing  up t o  t h e  point of launch. These r e l a t i v e l y  
la rge  heat inf luxes and associated high boi lof f  r a t e s  m a y  not be p rac t i ca l ,  
however, because of venting and l i qu id - l eve l  measurement problems associated 
with t h e  v io len t  turbulence of t h e  l iqu id .  Excessively laxge u l lage  volumes 
would a l s o  be required.  

A roughly 50-percent reduct ion i n  heat i n f lux  ( t o  3960 Btu / (hr ) (sq  f t ) ,  

For t h e  uninsulated tank t h e  p r inc ipa l  res i s tance  t o  heat inflow i s  t h a t  
of t h e  boundary f i l m  on t h e  in s ide  of t h e  tank between t h e  wall and t h e  bulk 
l iqu id .  This represents  a r a t h e r  high r a t e  of heat t r a n s f e r  t o  the l i qu id ,  so  
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that film boiling probably exists. It is of interest to compare the surface 
conductance obtained for an uninsulated tank with other experimental data on 
boiling heat transfer for liquid hydrogen. The data chosen for comparison 
(ref. 8) covered the three regimes of boiling, nucleate, transitional, and 
stable film. Figure 18 shows these boiling regimes as a function of heat influx 
and temperature drop across the inside wall and the bulk liquid. 
points obtained in the uninsulated tank tests (condensing air and layer of 
frost) plotted in figure 18 show the tank data to be in the film boiling regime. 

The two data 

SUMMARY OF RESULTS 

The principal results obtained from an experimental investigation to deter- 
mine the feasibility under ground-hold conditions of three insulation systems 
applied to flight-weight propellant tanks representative of liquid-hydrogen 
fueled boost vehicles can be summarized as follows: 

1. A tank insulated externally with sealed corkboard (density, 20 lb/ 
cu ft; thickness, 1/4-in.) gave about the same overall apparent thermal 
conductivity as that predicted by thermal conductivity apparatus tests 
(0.24 to 0.26 (Btu)(in.)/(hr)(sq ft)(OR)). 

(density 2.5 lb/cu ft; thickness, 1/4-in.) performed well with mechanical evac- 
uation of the foam to produce an apparent thermal conductivity of about 
0.10 (Btu)(in.)/(hr)(sq ft)(OR) at a mean temperature of 235' R. 

3. The method of hermetically sealing rigid polyurethane foam from air 
permeation by using a thin film laminate of aluminum foil and M y l a r  0.0022 inch 
thick proved to be satisfactory and allowed a vacuum below 25 microns to be 
pumped within the sealed foam. 

2. A tank insulated externally with hermetically sealed polyurethane foam 

4. The low-density sealed foam constrictively wrapped around the tank walls 
with prestressed nylon strands provided a low insulation system total weight of 
0.26 pound per square foot compared with the corkboard system weight of 0.53 
pound per square foot. 

5. Liquid nitrogen sprayed on the external surfaces of the sealed foam in- 
sulation provided a heat influx of only 30 Btu per hour per square foot compared 
with 156 Btu per hour per square foot for the sealed foam without the liquid 
nitrogen. 

6. Boiloff rates from an uninsulated fuel tank showed a heat influx of 
8120 Btu per hour per square foot with considerable liquifaction of air on the 
outside walls of the tank. 

7. Under certain conditions and cooldown techniques, formation of liquid 
air on an uninsulated tank can be prevented by the natural accumulation of ice 
and frost, which reduced the measured heat influx by about 50 percent 
(to 3960 Btu/(hr)(sq ft)) compared with the liquefied air condition. 

Lewis Research Center, 
National Aeronautics and Space AdmFnistration, 

Cleveland, Ohio, December 11, 1964. 
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