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TRANSIENT THERMAL PERFORMANCE OF MULTILAYER INSULATION 


SYSTEMS DURING SIMULATED ASCENT PRESSURE DECAY 


by I r v i n g  E. Sumner  and  Joseph E. Maloy 


Lewis Research Center  


SUMMARY 

Steady-state and transient experimental tests were conducted to  determine the 
transient heat flux and total integrated heat transferred to a liquid hydrogen tank during 
a simulated Saturn V launch vehicle ascent p re s su re  decay for  each of three multilayer 
insulation systems. The multilayer insulation systems utilized (1) glass-fiber (Dexi
glas) paper or  silk netting as the spacers  between the double-aluminized Mylar radiation 
shields and (2) helium-purged fiber glass  mat or  sealed polyurethane foam sublayers to 
reduce the ground-hold heat flux. The multilayer insulation panels were intended to be  
purged with gaseous nitrogen and the fiber g l a s s  mat  sublayer purged with gaseous 
helium during the initial ground-hold conditions. However, transient raprd pumpdowns 
could be  achieved only when using a gaseous helium purge throughout the entire insula
tion system during the initial ground-hold conditions. 

The test  resul ts  indicated that multilayer insulation (MLI) systems utilizing a 
helium-purged sublayer in conjunction with gaseous-nitrogen-purged multilayer insula
tion panels for  ground-hold conditions are inadequate unless considerable c a r e  is taken 
to control the sublayer and MLI thickness during ground hold. These MLI systems, 
when entirely purged with helium during ground hold, did, however, provide reasonably 
good thermal performance. The integrated total heat input up to 150 minutes a f te r  ini
tiation of a rapid pumpdown was only 22 t o  28 percent g rea t e r  than the ideal integrated 
heat input (i. e.,  MLI interstitial p re s su re  equal to instantaneous ambient pressure) 
calculated from steady-state data. The MLI system utilizing a foam sublayer provided 
an integrated heat input 3 . 6  t imes greater  than the ideal value; this w a s  due, in part, t o  
the heat storage capacity of the foam sublayer, which had not been optimized with regard 
to  thickness for  these tests. 



INTR 0DUCTI 0N 

The use  of liquid hydrogen as a propellant for cryogenic spacecraft propulsion 
modules will  require  well-designed thermal  protection systems to maintain the vented 
liquid hydrogen boiloff or  the nonvented tank p res su re  rise.  at acceptably low values. 
The three  major  phases of a given mission during which the thermal  protection system 
must provide predictable thermal  performance a r e  

(1)Ground hold pr ior  to launch 
(2) Transition from ground hold to space hold during and immediately after launch 
(3) Space hold (earth orbit and planetary travel) 

Numerous analytical and experimental investigations have been conducted to  define the 
necessary performance factors of various thermal  protection systems (most notably 
multilayer insulation (MLI) systems) during the ground-hold and space-hold phases. 
However, one a r e a  in which a lack of experimental data exists is the transient thermal 
response of the multilayer insulation to the ascent p re s su re  decay that occurs  in the 
transition from ground-hold to space-hold conditions during and immediately a f te r  
launch. Failure of the multilayer insulation to rapidly vent the interstitial purge gases  
may result in large heat leaks into the propellant tanks and possible structural damage 
to the insulation systems. The investigation reported herein was  conducted to measure 
experimentally the transient heat flux for a representative multilayer system during a 
simulated Saturn V launch vehicle ascent pressure  decay. 

The basic MLI system chosen for this investigation had already undergone a con
siderable amount of design and experimental testing, as reported by Sterbentz and 
Baxter (ref. 1). This insulation sys tem was designed for the 4.20-meter (165.2-in. ) 
diameter spherical liquid hydrogen tank of a hypothetical cryogenic spacecraft propul
sion module; the thermal  performance design goal w a s  to limit the total liquid hydrogen 
boiloff to 5 percent or  l e s s  for an assumed 8-day lunar mission. As originally designed, 
t h i s  MLI system consisted of (1)a 1.0-centimeter (0.4-in. ) thick fiber g lass  mat sub-
layer (helium-purged during ground hold) and (2) 30 layers  of multilayer insulation 
(nitrogen-purged during ground hold) fabricated in triangular 60' gore-shaped panels. 
Each panel of insulation consisted of 10 double-aluminized Mylar radiation shields, each 
separated by a glass-fiber (Dexiglas) paper spacer. Nylon monofilament threads and 
Teflon buttons were utilized to assemble the 10 radiation shields and nine paper spacers  
in the modular panels. The multilayer insulation w a s  separated from the fiber g lass  
mat sublayer by a plastic (Aclar 22C) vapor ba r r i e r .  

This MLI system w a s  subsequently installed on a half-scale 2. 10-meter (82.6-in. ) 
diameter spherical tank and tested under ground-hold environmental conditions, a par
tially simulated transient ascent pressure  decay representative of a Saturn V launch, 
and space-hold environmental conditions (the test  resu l t s  a r e  noted in ref. 1). Further 
experimental t e s t s  to gain additional information on the thermal performance of this 
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insulation system installed on the half-scale tank have been recently completed at the 
Lewis Research Center (ref. 2). These more recent experimental tes ts  a l so  consisted 
of ground-hold and space-hold thermal  tests. However, neither of these two test  pro
g r a m s  have provided adequate experimental data during a suitably simulated ascent 
p re s su re  decay to determine (1)the transient heat f lux  and (2) the transient interstitial 
p re s su re  decay of the ground-hold purge gases  within the  multilayer insulation during 
the transition from ground-hold to  space-hold conditions. 

Therefore, a program involving purged-multilayer-insulation venting t e s t s  w a s  
conducted in a 1.65-meter (65-in. ) diameter by 2.3-meter (90-in. ) high cylindrical 
vacuum chamber capable of providing a Saturn V launch vehicle ascent pressure  decay 
(pressure against time) to p re s su res  l e s s  than torr.  Three different multilayer 
insulation systems were ultimately investigated. The first insulation system consisted 
of a helium-purged fiber g lass  sublayer and 30 layers  of nitrogen-purged multilayer in
sulation; this MLI system w a s  almost identical to the insulation system previously 
tested on the 2.10-meter (82.6-in. ) diameter spherical tank. The second insulation 
system utilized three layers  of silk netting instead of the Dexiglas paper as the spacer  
mater ia l  between radiation shields (the helium-purged fiber g lass  mat sublayer remained 
essentially the same). The third insulation system used the same multilayer insulation 
panels as the first system tested (aluminized Mylar separated by Dexiglas paper spac
e r s )  but utilized a sealed polyurethane foam as the sublayer ra ther  than the helium-
purged fiber g lass  mat sublayer. 

Each of the three multilayer insulation systems w a s  mounted on a 0.76-meter 
(30-in. ) diameter, double-guarded cylindrical calorimeter. Liquid hydrogen w a s  used 
as the cryogenic fluid for testing in all cases. The experimental data obtained included 
steady-state heat flux as a function of chamber pressure  as well as transient heat flux 
and interstitial p ressure  decay for simulated Saturn V ascent ambient pressure  decay. 
The multilayer insulation panels were intended to be purged with gaseous nitrogen and 
the fiber glass  sublayer (when used) with gaseous helium during the initial ground-hold 
conditions. However, transient rapid pumpdowns could be achieved only when using a 
gaseous helium purge throughout the insulation sys tems (MLI as well as fiber glass sub-
layer) during the initial ground-hold conditions. 

EXPERIMENTAL APPARATUS 

MuIt ilaye r Insu lat ion Systems 

.~ . .  ~ - .  ~- -System 1 (aluminized Mylar/Dexiglas/fiber glass). - The MLI system originally 
considered and tested in this investigation w a s  nearly identical to that designed and 
tested previously on a 2. 10-meter (82.6-in. ) diameter spherical tank (refs. 1 and 2). 
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This  insulation system, a c r o s s  section of which is shown in figure 1, consisted of a 
fiber glass mat  sublayer that w a s  helium purged under ground-hold conditions, a rela
tively leak-free purge bag, and multilayer insulation that w a s  intended to b e  gaseous 
nitrogen purged under ground-hold conditions. 

The fiber glass mat  sublayer consisted of a 1.3-centimeter (0. 5-in. ) thick fiber 
glass mat  of about 9.6 kilograms per  cubic me te r  (0.6 lb/ft 3) density sandwiched be
tween two layers  of Dacron cloth for  strength. Velcro fasteners  were sewed on each 
side of the fiber glass mat  to provide support f rom the tank wal l  and also support for 
the purge bag. The idealized thickness of the sublayer (including the thickness of the 
Velcro fasteners) for this investigation w a s  1. 9 cent imeters  (0. 75 in. ). This is the only 
departure f rom the insulation system specified in re ferences  1and 2, which utilized a 
fiber g lass  sublayer with an intended effective thickness of 1 .0  centimeter (0.4 in. ). 

The fiber g lass  sublayer w a s  enclosed by a 0.013-centimeter (5-mil) thick Aclar 
22C plastic film treated for adhesive bonding. Velcro fasteners  were adhesively bonded 
to each side of the purge bag to help support the purge bag from the fiber g lass  sublayer, 
and in turn, t o  help support the inner blanket of multilayer insulation. The purge bag 
was also bonded at the top and bottom of the cylindrical test tank to a 1.9-centimeter 
(0.75-in.) diameter stainless-steel helium purge manifold. The pr imary  purpose of the 
purge bag was to  prevent helium gas from leaving and nitrogen gas from entering the 
sublayer during purging of the insulation system during ground-hold conditions. The 
intended temperature  on the outer surface of the purge bag was 78 K (140' R) o r  higher 
to prevent condensation or  freezing of the nitrogen purge gas. 

The multilayer insulation consisted of 30 l aye r s  of double-aluminized Mylar radia
tion shields with approximately 460 A thickness of aluminizing on each side. A 
reflectivity-sensing emissometer  w a s  used to determine total hemispherical emittancc. 
of the aluminized surface, which varied between 0.023 and 0.033 a t  normal room tem
perature. The radiation shields were separated by Dexiglas paper spacers  having a 
thickness of 0.0071 centimeter (2. 8 mils). The multilayer insulation w a s  fabricated in 
three  blankets having 10 radiation shields and nine spacers  per  blanket. Nylon mono-
filament thread and Teflon buttons and tabs were used to assemble the alternating radia
tion shields and spacers  together in modular panels. The resulting layer density of the 
multilayer insulation blanket w a s  approximately 28 layers  per  centimeter 
(70 layers/in. ). 

Each of the three  10-layer blankets comprising the MLI system w a s  made up of 
The middle panel of each MLI blanket w a sthree panels, as noted in figures 1 and 2. 

identical in size except for the circumferential length. The middle panel of the inner 
MLI blanket w a s  sized to have the same venting character is t ics  as a panel from the 
2.10-meter (82.6-in. ) tank program; that is, using the analysis described in appen
dix A, the center of the middle panel w a s  calculated to experience nearly the same inter
stitial p ressure  decay r a t e  as the corresponding point in a MLI panel of the 2. 10-meter 
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(82.6-in. ) diameter tank insulation system. This assumes  that, for edgewise venting of 
the MLI panel, the largest  portion of the p re s su re  drop  experienced by the interstitial 
purge gas  occurs  within the MLI panel, as compared to  the p re s su re  drop which might 
occur ac ross  the butt joints between adjacent panels of MLI. 

A Dacron net was applied over the MLI after it w a s  installed on the test  tank. The 
Dacron net w a s  utilized on the 2.10-meter (82.6-in. ) spherical tank to res t ra in  the MLI 
from ballooning during an ascent p re s su re  decay and was included in this tes t  for com
pleteness of the MLI system. 

System 2 (aluminized Mylar/silk net/fiber glass). - Experimental resu l t s  for MLI 
system 1(to be  discussed later) indicated that the helium-purged sublayer was not main
taining its intended thickness and providing purge bag temperatures  of 78 K (140' R) or 
higher during ground-hold conditions (required to  preclude the possibility of freezing 
and/or condensing the MLI nitrogen purge gas). Consequently, the fiber g lass  sublayer 
w a s  rebuilt for MLI system 2 in an  attempt to get the sublayer to remain at i t s  intended 
thickness of 1 .9  centimeters (0.75 in. ) during ground-hold conditions. Two layers  of 
initially (uncompressed) 1.3-centimeter (0. 50-in. ) fiber g lass  mat  were sandwiched to
gether and sewed between two l aye r s  of Dacron cloth to provide an overall thickness of 
1 .9  centimeters (0.75 in.). Cutouts were then made in the fiber g lass  sublayer to allow 
for a total of 48 rigid polyurethane foam blocks to penetrate the sublayer, as shown in 
figure 3. The purpose of these foam blocks, which were adhesively bonded to  the tank 
wall ,  w a s  to provide a more  positive standoff for the purge bag and, therefore, better 
thickness control of the sublayer. A 0.005-centimeter (2-mil) Mylar purge bag w a s  
utilized in place of the Aclar since tes ts  indicated i t  contracted only 0. 3 to 0.4  percent 
through a temperature change from room temperature  to liquid nitrogen temperature,  
as compared to approximately 1percent for the Aclar 22C material. 

Multilayer insulation blankets having the same basic  dimensions and method of con
struction as those for MLI system 1were fabricated utilizing three layers  of 14-by-14 
mesh silk netting as the spacer  between radiation shields. The resulting layer density 
of the MLI w a s  approximately 20 layers  per  centimeter (50 layers/in. ). 

System 3 (aluminized Mylar/Dexiglas/foam). - A rigid polyurethane foam insula
tion, 1. 9 centimeters (0.75 in. ) thick with a density of 34 kilograms per  cubic meter ,  
( 2 . 1  lb/ft 3) w a s  utilized fo r  the sublayer for  insulation system 3, ra ther  than the helium-
purged fiber g lass  mat sublayer utilized on the two previous MLI systems. The formu
lation of the closed-cell polyurethane foam w a s  identical to that successfully tested and 
described in reference 3. The cylindrical walls of the calorimeter were primed with 
G-207 adhesive, and the foam constituents w e r e  poured in place, directly on the tank, 
one-half at  a time. The excess  foam w a s  then machined to provide a uniform thickness 
of 1.9 centimeters (0. 75 in. ). A vapor b a r r i e r  (also identical to that described in 
ref. 3) consisting of a two-way stretch nylon cloth "bleeder ply" and a laminate of My
lar and aluminum foil w a s  bonded over the sublayer and helium leak-checked to provide 
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a leak r a t e  of less than standard cubic centimeter of helium per  second fo r  any 
individual leak. The vacuum tap used to conduct the leak check w a s  left on the vapor 
barrier so that the back side of the vapor barrier could be partially evacuated during 
and after each thermal  test. 

The thickness of the foam sublayer was not optimized to  provide the surface tem
perature of 78 K (140' R) or slightly higher needed to  prevent condensation and/or 
freezing of nitrogen purge g a s  within the MLI blankets (approx. 0.13 cm (0.050 in. ) 
would have been theoretically required). Instead, a thickness of 1. 9 centimeters 
( 0 . 7 5  in. ) was used to eliminate the necessity of fabricating new MLI blankets that 
would have been required otherwise. The multilayer insulation w a s  comprised of the 
same aluminized Mylar/Dexiglas panels utilized for insulation system 1. 

Insulation System Installation 

The fiber g l a s s  mat  utilized in the sublayer of the f i r s t  two insulation systems w a s  
wrapped around the calorimeter and supported from the tank by the Velcro fasteners. 
The mat w a s  then sewn together along the longitudinal seam. 

The purge bag was wrapped around the sublayer and adhesively bonded at the top 
and bottom,to the helium purge manifolds. The longitudinal seam w a s  either heat 
sealed (Aclar purge bag) or  adhesively bonded (Mylar purge bag). A g ross  leak check 
w a s  then performed to ensure that there  were no large leaks in the vapor barrier. 

The inner blanket of multilayer insulation was supported from the purge bag by the 
Velcro fasteners. The longitudinal butt joint between the ends of each panel and the 
circumferential butt joints between panels were laced with Dacron thread, as shown in 
figure 4(a), to  complete the installation of the inner blanket. The final trimming of the 
edges of each panel and tension of the Dacron thread lacing was such that each panel 
w a s  amply supported without being unduly compressed. 

The MLI panels of intermediate and outer blankets were supported by Dacron thread 
lacing between the outside of each inner blanket already installed on the tes t  tank and 
the inside of the next adjacent outer panel being installed (fig. 4(b)), starting from the 
lower panel. Once all three panels for  any given blanket were positioned on the tes t  
tanks, Dacron thread lacing w a s  again used a c r o s s  the longitudinal and circumferential 
butt joints to complete the blanket installation. The butt joints between insulation panels 
of any given blanket were offset f rom the butt joints in the next adjacent blanket so  that 
no direct  path through the insulation existed for  thermal radiation. 

A lightweight Dacron net w a s  installed over the three blankets of MLI and held in 
place a t  the top and bottom of the test  tank by drawstrings. The net did not bear  against 
the insulation system in any manner and, therefore, did not produce compressive forces  
on the outer surface of the insulation blankets. 
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Generally, all the procedures for applying the helium-purged sublayer and MLI 
blankets t o  the test tank were identical or very similar to  the procedures specified and 
utilized for the installation of the insulation system on the 2. 10-meter (82.6-in.) diam
eter spherical tank (refs. 1 and 2). 

The foam sublayer was applied to  the wal l  of the tes t  tank as noted previously. To 
provide support for the MLI blankets, Velcro fasteners  were bonded to the outside of 
the vapor barrier (fig. 5) in the same positions as used for the Aclar and Mylar purge 
bags. Therefore, the procedure for  installing the MLI blankets over the foam sub-
layer  w a s  identical to  that used for  the fiber glass  sublayer. 

Liquid Hydrogen Test Tank 

The basic liquid hydrogen test tank configuration was a double-guarded cylindrical 
calorimeter consisting of a 76.2-centimeter (30.0-in. ) diameter by 76.2-centimeter 
(30.0-in. ) high measure tank, and 76.2-centimeter (30.0-in. ) diameter upper and lower 
cold guards, as shown in figure 6. The purpose of the cold guards w a s  to suppress  in
sulation system edge effects in order  to ensure one-dimensional heat t ransfer  over the 
area of the measure tank. 

The tes t  tank utilized for the f i r s t  two insulation systems tested was fabricated 
from 1. 27-centimeter (0. 50-in. ) thick, oxygen-free, high-conductivity copper. This 
construction reduced the temperature gradients laterally along the wa l l  to  reduce the 
effect of liquid hydrogen level on the measured boiloff rate. This is necessary for  
(1)high heat fluxes through the insulation and (2) low liquid levels in the tanks. A sec
ond test  tank, fabricated from 1100 aluminum alloy, w a s  utilized for  the third insulation 
system; the lighter weight of the aluminum test  tank made it more convenient to  handle 
while applying the foam sublayer. 

The measure tank and cold guards were supported in a stack by a heavy stainless-
steel center support tube. The individual tanks were separated from each other and 
from the center support tube by Bakelite spacers  to thermally isolate the measure tank. 
The 5-centimeter (2-in. ) outside diameter by 0. 165-centimeter (0.065-in.) thick wal l  
stainless-steel vent lines were also centered by Bakelite space r s  as they passed through 
the upper tanks in the stack. Copper wool w a s  packed around the vent lines and center 
support tube as they passed through the upper cold guard to provide a good thermal  
short  and, thereby, reduce o r  eliminate any extraneous heat leaks into the measure 
tank. The fill line for each individual tank was a smaller  tube located concentrically 
within the vent line. In the case  of the measure tank, the f i l l  line was  cut off 5 centi
m e t e r s  (2 in. ) below the top of the tank s o  that the tube did not extend down into the 
liquid hydrogen during the thermal  test. The top and bottom of the calorimeter w e r e  in
sulated with foam (fig. 1) and sealed to  reduce the heat leak into the upper and lower 
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cold guards during ground-hold conditions and to prevent freezing and/or condensation 
of nitrogen gas (when used as the MLI blanket purge gas). 

Test Facility 

The liquid hydrogen test tank was mounted inside a cylindrical vacuum chamber 
(fig. 7) approximately 1.65 m e t e r s  (65 in. ) in diameter and 2.29 meters  (90 in. ) high. 
Water was circulated through tubing attached t o  the wall of the lower half of the cham
ber and through a n  internal baffle in the upper half of the chamber to  provide a relatively 
constant boundary temperature during the ground-hold and space-hold tests. The cham
ber wall temperature varied between 281 and 298 K (523' and 537' R), depending on the 
heat lost to  the liquid hydrogen test  tank and the environmental temperature inside the 
test  cell. 

Three mechanical roughing pumps (shown in the test facility schematic, fig. 7) 
were utilized in varying combinations either to maintain a steady chamber p re s su re  
above the diffusion pump range during steady-state tests,  or  to provide sufficient pump
ing capability to evacuate the chamber from 1-atmosphere pressure a t  a rate  simulating 
a Saturn V ascent p re s su re  decay. A closed-loop control system in conjunction with 
control valves just upstream of the 24. 1- and 8. 5-cubic-meter-per-minute (cmm) (850
and 300-cu ft/min (cfm)) roughing pumps provided the desired pumpdown ra t e  to cham
ber p res su res  less than 1 torr.  During a rapid pumpdown, the control valves generally 
reached the full-open position at slightly l e s s  than 1 to r r ,  and the pumpdown ra t e  could 
no longer be controlled. At a chamber p re s su re  of approximately 8X10-2 to r r ,  a 50.8
centimeter (20-in. ) diameter oil diffusion pump was manually cut in to  complete the 
chamber pumpdown. For the transient pumpdown t e s t s  where a noncondensable insula
tion purge gas  was used, the vacuum chamber could be pumped to t o r r  in 6-4 

1 min-
Utes or less; ultimate chamber p re s su res  in the to  10-6-torr range could be  
achieved. 

In experimental boiloff tes t s  of a transient nature o r  when low rates  of heat t rans
fer into the liquid hydrogen tank a r e  expected, it is desirable to maintain a steady pres
su re  within the test tank s o  that sensible heating and cooling of the liquid hydrogen can 
be  neglected. In this tes t  program, three different systems t o  control the back p res su re  
within the cold guards as wel l  as in the measure tank were tried. Although difficulties 
were encountered with each of these systems, the system noted in figure 7 ultimately 
proved to have the greatest  potential in maintaining a constant liquid hydrogen tank 
pressure.  

The back-pressure control system utilized an electrically heated oven designed to 
maintain an interior temperature of 3 0 6 d .  01 K (5504.02° R). The oven contained a 
reference volume of approximately 98 cubic centimeters (6 in. 3) and two differential 
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pres su re  gages having a full-scale range of 690 newtons pe r  square meter  (N/m 2) 
(0. 1psid). The reference volume w a s  charged with d ry  air to  a pressure of approxi
mately 1. 2x105 N/m 2 (17. 4 psia). For oven temperature variations of 4.01 K 
( 4 . 0 2 '  R), the reference volume should theoretically maintain a constant p re s su re  of 
4 N/m 2 (4.0006 psi). The difference between the reference volume pressure and the 
liquid hydrogen test-tank p res su re  was sensed by the two differential pressure gages 
(one for the measure tank and one for  the cold guards). The electrical  signal from the 
differential p re s su re  gages w a s  used to  operate four control valves, two for the measure 
tank and two for  the cold guards, which in turn controlled the back pressure in the 
measure tank and cold guards. Each set of control valves mounted in parallel consisted 
of a large flow control valve to  handle the ground-hold boiloff rates and a small  control 
valve to  handle the space-hold boiloff rates. For a maximum inaccuracy and drift of the 
differential p re s su re  gages of *1percent of full scale, the back-pressure control sys
tem should have theoretically been able to control the tank p res su res  to k6.9 N/m 2 

( 4 . 0 0 1  psi) for  the expected space-hold boiloff flow rates. The electrical signal from 
the cold-guard differential p re s su re  gage w a s  biased slightly to  maintain the cold-guard 
p res su re  from 34 to  690 N/m 2 (0.005 to 0 . 1  psi) above the measure-tank pressure.  
This  prevented the measure-tank boiloff gas  from condensing within the vent line pass
ing through the upper cold guard. It also maintained the temperature difference be
tween the measure tank and cold guards to  a low value, which reduced any heat leak into 
the measure tank directly from the cold guards. 

1nst rumentation 

Each of the three multilayer insulation systems was instrumented with 30 copper
constantan thermocouples to experimentally determine the insulation temperature pro
file at six locations, as noted in figure 8. The thermocouples were fabricated from 
0.025-centimeter (10-mil) diameter wire .  Each thermocouple junction plus a 
15-centimeter (6-in. ) length of each lead wire were taped to  the aluminized Mylar radi
ation shield with aluminized Mylar tape to  provide an isothermal lead length. Each 
thermocouple w a s  referenced to one of three dynamic reference junctions mounted on 
the outer insulation blanket s imilar  to those utilized in the tests reported by references 
1 and 2. The temperature of each dynamic reference junction was, in turn, measured 
by a copper-constantan thermocouple referenced to liquid nitrogen temperature. 

The interstitial pressure w a s  measured within the insulation system at two loca
tions (as also noted in fig. 8), one at the no-flow boundary within the fiber g l a s s  sub-
layer and the other at the center (or at the no-flow boundary) of the middle multilayer 
insulation panel (between the f i r s t  and second radiation shields numbered from inside 
out) of the inner blanket. The interstitial p re s su res  a t  each location w e r e  sensed by 
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both (1) a 0- to  775-torr (0- to 15-psid) differential s t ra in  gage transducer and (2) a 
capacitance-type differential p re s su re  transducer having a range of either 30 to 3 ~ 1 0 - ~  
t o r r  or 10 to  lX10-4 t o r r  depending on the specific transducer utilized. The p res su re  
transducers were located just outside the vacuum chamber; each set of transducers 
was connected to  the point a t  which the pressure w a s  to be measured by a stainless-
steel  tube. The tube o r  flowpath length for each interstitial pressure measurement 
system w a s  approximately 2. 8 m e t e r s  (110 in. ) long and consisted of (1)a 1.68-meter 
(66-in. ) long tube having a 0. 95-centimeter (0.375-in. ) outside diameter by 0.041
centimeter (0.016-in. ) wal l  running from within the insulation system to outside the 
chamber, and (2) a 1. 12-meter (44-in. ) length of tubing 0.64-centimeter (0. 25-in. ) out
side diameter by 0.089-centimeter (0.035-in. ) wall connecting the transducers, valves, 
etc. , as shown in figure 9. The last 82. 6 centimeters (32. 5 in. ) of tubing within the 
insulation w a s  flattened to 0. 64-centimeter (0. 25-in. ) thickness to reduce the physical 
interference with the insulation system. Each tube w a s  instrumented with a copper
constantan thermocouple a t  the cold end within the insulation to  allow for a temperature 
correction of the measured p res su re  in the molecular and transition flow range (ref. 4). 
The differential p re s su re  transducers were referenced to a vacuum level of l e s s  than 

tor r ;  valves were located in the interstitial p re s su re  measurement system (as 
noted in fig. 9) to allow the capacitance transducers to be zeroed immediately before 
and, i f  necessary,  during each run. 

The chamber p re s su re  w a s  measured throughout the entire range of p re s su res  by 
the following gages: 

(1)A 0- to 775-torr (0- to 15-psia) strain gage transducer 
(2) A 0- to 10. 3- torr  (0- to 0. 2-psia) s t ra in  gage transducer 

(3 )  A to l - t o r r  thermocouple gage 
(4) A <10-3-torr nude ionization gage 
The sublayer helium-purge flow ra t e  w a s  determined by utilizing choked flow 

through a jeweled orifice in conjunction with an upstream strain gage pressure trans
ducer and a thermocouple to measure the helium gas temperature. 

The liquid hydrogen boiloff f rom the measure tank, which w a s  used to evaluate the 
thermal performance of each insulation system, w a s  measured a t  ambient conditions by 
one of three m a s s  flowmeters: 

(1) A 0 to 85 standard cubic meter  per  hour (scmh) (0 to 3000 std ft3/hr (scfh)) 
(2) A 0 to 2. 8 scmh (0 to 100 scfh) 
(3 )  A 0 to 0. 28 scmh (0 to 10 scfh) 

The flowmeters were calibrated at Lewis Research Center with gaseous hydrogen at 
standard conditions, with an estimated uncertainty of *1/2  percent over the expected 
flow rate. 
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PROCEDURE 

Steady State 

For the steady-state data points (noted in table I) between ground hold and space 
hold, the desired chamber p re s su res  w e r e  obtained by a combination of pumping on the 
chamber and purging the chamber with either nitrogen o r  helium at a purge rate that 
matched the pumping rate. The purge rates were arrived at by a trial-and-error tech
nique until the chamber remained at the desired pressure level. When the chamber w a s  
purged with nitrogen, the fiber g l a s s  sublayer w a s  actively purged with gaseous helium 
to  prevent any nitrogen gas  from entering the sublayer and freezing. When the chamber 
w a s  purged with helium, no active sublayer helium purge w a s  utilized since the initial 
data were obtained a t  the lowest chamber pressure,  and the gaseous helium could back-
flow into the sublayer as the chamber p re s su re  w a s  slowly increased to the next higher 
value. 

To ensure that the liquid hydrogen w a s  a t  saturated conditions during tes t s ,  the 
filling o r  retopping of the measure tank with liquid hydrogen w a s  done at 1. 4x10 5 N/m 2 

(20 psia) o r  above. Once the measure tank w a s  filled, the tank pressure w a s  allowed 
to decay to the normal operating p res su re  as determined by the reference pressure of 
the back-pressure control system for measure-tank boiloff flow r a t e s  below 42. 5 scmh 
(1500 scfh). When the measure-tank boiloff flow ra t e  was above 42. 5 scmh (1500 scfh), 
the tank pressure settled at a p re s su re  somewhat higher than the nominal operating 
p res su re  because of the higher p re s su re  differential required t o  flow the boiloff g a s  
through the vent line, flowmeter, and control valve (which was fully open). 

The insulation temperature profiles and the boiloff ra te  were monitored until steady 
conditions were reached. The experimental data were then recorded over a period of 
a t  least  30 minutes (longer as the measured heat flux decreased) to  ensure that equilib
rium thermal conditions actually had been reached. 

Tra ns i e nt P umpdown 

To set  up the proper conditions for  the initiation of a transient pumpdown o r  evacu
ation of the vacuum chamber, the chamber.was f i r s t  slowly pumped down to the 
t o r r  vacuum level and then slowly brought back to  1-atmosphere pressure by establishing 
the proper chamber and insulation system purges. The test  tank was then filled with 
liquid hydrogen in the same manner as that noted for the steady-state tests. When 
steady-state ground-hold conditions were established, the tes t  tank w a s  topped off with 
liquid hydrogen. The transient pumpdown w a s  not initiated until 20 to 30 minutes after 
the test  tank had been topped off to ensure thermal equilibrium within the insulation 
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system. Hopefully, fully saturated liquid hydrogen within the test  tank had.been at
tained. 

When the transient pumpdown was  initiated, the chamber and sublayer purges were 
shut off, and the sublayer w a s  allowed to  vent through both the upper and lower helium 
purge manifolds (figs. 6 and 7) t o  a point just upstream of the control valves to the 
roughing pumps. The 8.5- and 24.1-cmm (300- and 850-cfm) roughing pumps were 
utilized to evacuate the chamber to  a p res su re  of approximately 8X10-2 to r r  at which 
t ime the oil diffusion pump w a s  opened to the chamber and completed the transient pump-
down. For a rapid pumpdown, the transient chamber p re s su re  decay r a t e  between 
1atmosphere and approximately 1t o r r  w a s  controlled by the control system and valves 
just upstream of the roughing pumps. The control valves to both roughing pumps gener
ally became wide open at a chamber pressure  of approximately 1 to r r ,  and the chamber 
pumpdown ra t e  beyond that point w a s  dependent only on the pumping speed of the vac
uum pumps and the manual operation of opening the oil diffusion pump to the chamber. 

All data channels were recorded pr ior  t o  and throughout the transient pumpdown of 
the chamber until steady-state equilibrium conditions had been reached. Data were r e 
corded for a period of at least 30 minutes a t  steady-state space-hold conditions to en
su re  that the equilibrium condition had been achieved. 

DATA REDUCTION 

The electrical output from most of the data channels could b e  converted. directly to 
the parameters  being measured. Appropriate correction factors were used to account 
for the difference between gaseous helium and nitrogen background when reading the 
thermocouple and ionization gages to determine chamber pressure.  

The measured values of the multilayer insulation and sublayer interstitial p ressure  
in the molecular flow and transition region were corrected fo r  the t ime constant due to 
gaseous flow in a long tube, and for the temperature difference between the pressure  
transducer head and the end of the tube a t  which the pressure  w a s  being measured. A 
rough experimental evaluation of the t ime constant for  a tubulated gage was  made using 
a small  vacuum chamber for which the transient pumpdown ra t e  could be controlled 
manually and fairly closely matched to that of the Saturn V ascent pressure  decay. A 
2. 54-meter (100-in. ) long tube having a 0.95-centimeter (0.375-in. ) outside diameter 
by 0.041-centimeter (0.016-in. ) wai l  connected a capacitance-type pressure  transducer 
to the vacuum chamber. The tube w a s  flattened to a 0. 64-centimeter (0. 25-in. ) thick
ness  along its entire length. The experimental t ime constants for the tubulated capaci
tance gage were calculated assuming a f i rs t -order  response to a step input 
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dt 

(All symbols are defined in appendix B. ) The resulting time constants over a range of 
p re s su res  in the transition and molecular flow regimes for both nitrogen and helium gas 
a r e  noted in figures lO(a) and (b), respectively, when the tube w a s  at  either ambient 
temperature or liquid nitrogen temperature. The experimental values a r e  compared 
with values calculated from equations presented in references 4 and 5 where the cross-
sectional area of the flattened tube w a s  equated to that of a circular tube and where the 
gas  viscosity w a s  assumed to  be  a function of both p re s su re  and temperature as noted 
in references 6 and 7. The experimental data indicated somewhat longer time constants 
than predicted analytically, particularly at the lower pressures .  The time-constant 
curves utilized for data reduction purposes for this investigation are noted. The exper
imentally determined time constants were themselves corrected analytically when ap
plied to the data reported herein to  account for variations in tube length and diameter of 
the actual interstitial p re s su re  tubes (fig. 9) utilized for the transient pumpdown tes t s  
of the liquid hydrogen tank insulation. 

A correction R
P 

to the meamured intersti t ial  pressure w a s  made due to  the temper
ature difference between the p re s su re  transducer head and the end of the tube at which 
the p re s su re  w a s  being measured. This correction w a s  assumed to be  a function of the 
temperature ratio Th/Tc and the Knudsen number Kn as noted in reference 4. The 
correction R

P 
is shown in figure 11. It should be  noted that in calculating the Knudsen 

number, the gas  viscosity is assumed to be  a function of temperature only and is 
evaluated at l-atmosphere pressure.  

The overall correction for the interstitial pressure is then 

RESULTS AND DISCUSSION 

Steady-State Data 

A summary of all the tes t  runs (in the order the data were obtained) for the three 
insulation systems is shown in table I. In general, tests were first conducted with each 
of the three insulation systems using gaseous nitrogen as the purge for the chamber and 
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multilayer insulation blankets and gaseous helium as the purge gas  for the fiber g lass  
sublayer. (The foam sublayer w a s  not purged. ) A rapid pumpdown of the chamber was  
then attempted and, in all cases,  i t  w a s  determined that a simulated Saturn V ascent 
p re s su re  decay could not be obtained due to sublimation of frozen nitrogen somewhere 
on the test  tank o r  within the vacuum chamber. Tes t s  were then conducted utilizing 
gaseous helium as the purge gas in the multilayer insulation blankets as well as in the 
fiber g l a s s  sublayer so  that rapid pumpdown t e s t s  could ultimately be achieved. 

Gaseous-nitrogen-purged MLI blankets. - A comparison of the steady-state heat~--

flux for the three insulation systems when the multilayer insulation blankets were purged 
with gaseous nitrogen is shown in figure 12. It was assumed, and generally validated 
experimentally, that during steady-state conditions, the MLI system interstitial p res 
su re  and chamber p re s su re  were equal. At the space-hold conditions (chamber pres 
su re  torr) ,  all insulation systems indicated approximately the same performance, 
namely, heat fluxes of 0. 9 to 1.6 wat ts  per  square meter  (0. 3 to 0. 5 Btu/(hr)(ft 2)). 
Using experimentally measured temperatures,  the basic radiation component of the heat 
flux w a s  calculated to be  approximately 0. 19 watt per  square meter  (0.06 Btu/(hr)(ft 2)), 
which represents  only 12 to 20 percent of the total heat flux. The solid-conduction com
ponent and thermal  degradation due to butt joints and nylon rod penetrations a r e  then 
assumed to make up the remainder of the total heat flux. 

The measured heat flux increased with an increase in chamber pressure  due to the 
la rger  gaseous conduction component of heat transfer.  In the transition between space-
hold and ground-hold conditions, the steady-state data indicated that the measured heat 
flux is related to the interstitial gas  p re s su re  by an S-shaped curve, as previously 
noted by other investigators (e. g., ref. 8). 

Under ground-hold conditions a t  approximately 760 to r r ,  insulation system 1had +he 
highest heat flux, while insulation system 3 had the lowest. This would normally be ex
pected since the overall thickness of system 1 w a s  l e s s  than that of system 2, and since 
the foam is a more efficient ground-hold insulation (lower thermal conductivity) than the 
helium-purged fiber g lass  sublayer. The ground-hold heat flux obtained for system 2 
(run 26 in table I) w a s  325 watts pe r  square me te r  (103 Btu/(hr)(ft 2)); whereas the 
ground-hold conditions established pr ior  to the attempted rapid pumpdown (run 27) indi
cated a heat flux of 200 watts pe r  square meter  (63. 5 Btu/(hr)(ft 2)). These resu l t s  em
phasize the fact  that repeatability is hard to achieve with these MLI systems. Based on 
the resu l t s  obtained for systems 1and 3, the value of 200 watts per  square meter  (63. 5 
Btu/(hr)(ft2)) i s  a more  reasonable value for ground-hold heat flux for system 2. 

Gaseous-helium-purged MLI blankets. - A comparison of the steady- state heat flux 
for the three insulation systems when the multilayer insulation blankets were purged 
with gaseous helium is shown in figure 13 as a function of the chamber pressure. At 
the space-hold conditions (chamber pressure  torr) ,  all insulation systems indi
cated approximately the same performance, namely heat fluxes of 0.44 to 1. 2 watts per 
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square meter  (0. 14 to 0.38 Btu/(hr)(ft 2)), which was slightly better than shown pre
viously for the nitrogen purge tests. However, the steady-state space-hold data point 
shown for insulation system 1 (aluminized Mylar/Dexiglas/fiber glass) w a s  obtained 
immediately after a rapid pumpdown, which may have caused the insulation t o  "fluff" 
out somewhat and reduce the solid-conduction heat-transfer. component. 

In the transition region between space-hold and ground-hold conditions, the exper
imental data again indicated that the measured heat flux w a s  related to  the interstitial 
p re s su re  by an S-shaped curve, as w a s  previously noted and expected. 

Under ground-hold conditions at approximately 760 tor r ,  insulation system 1again 
had the highest heat flux and system 3 the lowest; the heat flux for each insulation sys
tem was ,  of course, higher than for  the gaseous-nitrogen-purged MLI blankets because 
of the higher thermal conductivity of the helium purge gas. 

Ground-hold thermal performance. - The helium-purged fiber glass  sublayer for-

insulation system 1was intended to  be of sufficient thickness (1.9 cm, or 0. 75 in. ) to 
provide a purge bag temperature of 78 K (140' R) or  higher and allow the multilayer 
insulation blankets to be purged with gaseous nitrogen. This would then prevent freezing 
and/or condensation of nitrogen within the insulation system. The expected insulation 
system temperature profile using a hot-side boundary temperature of 247 K (445' R) 
from run 2 (table I) is shown in figure 14. This expected temperature profile w a s  calcu
lated using' the average pretest-measured thickness of the sublayer and insulation 
blankets (table II) and the thermal conductivity of the purge gases  at l-atmosphere p re s 
sure. For these assumed conditions, the purge bag temperature should have been ap
proximately 89 K (160' R), and the resultant heat flux should have been approximately 
185 watts per  square meter  (58. 7 Btu/(hr)(ft 2)). However, the experimental resul ts  
from run 2 (table I) indicated that the average purge bag temperature w a s  68 K (123' R) 
and that the measured heat f lux was 264 watts p e r  square meter  (83. 9 Btu/(hr)(ft 2)). 
The most logical explanation is that the thicknesses of both the MLI blankets and sub-
layer decreased when liquid hydrogen w a s  introduced into the tes t  tank. An effective 
sublayer thickness of only 0. 803 centimeter (0.316-in.) and an average blanket thickness 
of 0. 330 centimeter (0. 130 in. ) were calculated (fig. 14) using the experimental temper
ature  gradients. The calculated thickness of the sublayer from ground-hold tes t  condi
tion w a s  slightly greater  when the MLI blankets were purged with gaseous helium, as 
noted in table II (run 12). This may have been due, in part ,  to the higher temperature 
of the purge bag, which would have contracted somewhat l e s s  than when the MLI Slankets 
had been purged with gaseous nitrogen. 

The thermal contraction of the Aclar purge bag material  has been experimentally 
determined to be about 1percent when chilled from room temperature to liquid nitrogen 
temperature. This thermal contraction rate, when combined with the expected contrac
tion (0. 325 percent) of the copper test tank when chilled to liquid hydrogen temperature,  
would account for a reduction in the sublayer thickness of only about 0.28 centimeter 
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(0.11 in. ) under ground-hold conditions. Reductions in the sublayer thickness g rea t e r  
than this value cannot be accounted for  specifically. 

Upon removal of the MLI panels for system 1 after completion of all thermal tests, 
the Aclar purge bag was found to  be severely cracked and split over the entire surface. 
It is not known at what point in the thermal t e s t s  this occurr.ed. Since there probably 
was a very slight positive p re s su re  within the sublayer while it w a s  actively purged, 
some helium purge gas  may have leaked out into the nitrogen-purged MLI blankets and 
also contributed to the higher-than-expected heat flux and the lower-than-expected in
sulation temperatures. 

P r i o r  to the installation of the MLI blankets for  system 2 on the tes t  tank, the fiber 
g l a s s  sublayer had been modified as noted in figure 3 to provide (hopefully) for better 
control of its thickness and, hence, more predictable thermal  performance. However, 
the control of the thickness of the helium-purged sublayer was still poor (or  at least un
predictable), as indicated from runs 26 and 36 (table II). The best  data for the ground-
hold conditions occurred pr ior  to the rapid pumpdown (run 27) for gaseous-nitrogen
purged MLI blankets and indicated a heat flux of 200 watts pe r  square meter  (63. 5 
Btu/(hr)(ft )). Even with this value and a purge bag temperature of 71 K (128' R), the2 


calculated sublayer thickness was only 1. 1 centimeters (0. 45 in. ). Upon removal of 
the MLI panels fo r  insulation system 2 after all thermal  t e s t s  were completed, the My
lar purge bag w a s  found to be intact, with the exception of just one split approximately 
25 centimeters (10 in. ) long over the upper cold guard. The Mylar material, therefore, 
appears to be more suitable for the purge bag than the Aclar material. 

The use of a helium-purged fiber glass  mat  sublayer in conjunction with nitrogen-
or  helium-purged multilayer insulation for  ground-hold protection of liquid hydrogen 
tanks provided unpredictable thickness control. The resul t  w a s  poor thermal perform-

Inance and freezing and/or condensation of nitrogen purge g a s  within the MLI panels. 
order  to reliably provide the purge bag temperature and/or heat flux required, the 
helium-purged fiber g l a s s  sublayer must be  substantially overdesigned by increasing i t s  
nominal thickness (as also noted in ref. 1)with a resultant larger  weight penalty. 

The calculated thermal conductivity of the foam sublayer utilized for MLI system 3 
is compared with previous data obtained for  the identical foam formulation (ref. 3) in 
figure 15. The calculated thermal conductivity from the space-hold tests compares 
favorably with the previous data, while the calculated thermal conductivity from the 
ground-hold tes t s  w a s  somewhat higher. However, even though the foam sublayer 
ground-hold thermal performance w a s  not as predictable as would have been desirable, 
the foam provided fewer problems once installed on the tank. The foam sublayer with
stood all of the thermal cycles with virtually no structural  damage; the one exception 
w a s  one crack approximately 15 centimeters (6 in. ) long found over the upper cold guard 
in a small  a r e a  where the foam had not adhered to the tank wall. No cracks or splits 
were found in the vapor barrier. 
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Comparison of steady-state -data with~ - - _ _ _ _previous results.  - The resul ts  of previous 
t e s t s  conducted with the aluminized Mylar/Dexiglas/fiber glass  MLI system installed 
on a 2. 10-meter (82.6-in. ) diameter spherical tank (refs. 1and 2) are summarized in 
table III. A comparison of these resul ts  with those obtained from this investigation (ta
ble I) again indicated that, for  ground-hold conditions, the concept of a gaseous-helium
purged sublayer in conjunction with gaseous-nitrogen-purged MLI did not perform as 
expected. In all instances but one, the compression of the sublayer allowed a higher 
heat flux than expected, and the resulting purge bag temperatures were not high enough 
to  prevent condensation o r  freezing of the gaseous nitrogen purge gas. The measured 
ground-hold heat fluxes were generally somewhat lower for the cylindrical calorimeter 
tests. This is most probably a resul t  of the effort t o  provide an increased sublayer 
thickness, and the use of a cylindrical t es t  tank on which the insulation system is more 
easily installed than on a spherical  tank. 

The measured space-hold thermal performance of this MLI system also indicated 
that somewhat better thermal performance w a s  obtained on the cylindrical t es t  tank 
than on the larger  spherical test  tank (0. 95 W/m2 (0. 30 Btu/(hr)(ft2) compared to 
1. 4 and 1. 2 W/m2 (0. 45 and 0. 38 Btu/(hr)(ft2))). This is most likely due to  (1)greater  
ease of installation, (2) l e s s  localized compression of MLI panels in the area of nylon 
rods and Teflon buttons, and (3) absence of thermal degradation of MLI due t o  penetra
tion when this MLI system w a s  installed on the cylindrical t es t  tank. 

Transient Data 

The original goal of this investigation w a s  to obtain experimentally transient heat 
flux data for an aluminized Mylar/Dexiglas/fiber glass  insulation system during a sim
ulated Saturn V ascent p re s su re  decay in the vacuum chamber. The insulation system, 
as originally conceived and tested (refs. 1 and 2), utilized a helium-purged sublayer 
and nitrogen-purged multilayer insulation for ground-hold conditions. However, at
tempts to rapidly pump the vacuum chamber down to  near space-hold conditions were 
not successful when the chamber and multilayer insulation were purged with nitrogen. 
This w a s  due to the nitrogen purge gas  freezing either within the multilayer insulation 
system or on the test  tank and/or vent lines. This problem persisted even though 
several  attempts were made to sea l  the top and bottom of the tes t  tank, as wel l  as the 
vent lines, with foam. The result  w a s  that the sublimation of the frozen nitrogen would 
overpower the pumping system at chamber p re s su res  l e s s  than 1 tor r .  Therefore, in 
order  to obtain the desired transient data, a gaseous helium purge w a s  utilized through
out the insulation systems (except for  the foam sublayer) to  achieve rapid pumpdown 
ra t e s  simulating the Saturn V ascent p re s su re  decay. Experimental data from two of the 
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attempted pumpdowns utilizing a multilayer insulation nitrogen purge a r e  included here
in, however, for completeness. 

. -Nitrogen-purged MLI pumpdown tests. - The aluminized Mylar/Dexiglas/fiber g l a s s  
insulation system was initially subjected to a slow pumpdown to provide a transient 
checkout of the tes t  facility and all control systems. The resulting pressure-against
time curves are shown in figure 16. The MLI and sublayer interstitial pressures  closely 
matched the chamber p re s su re  down to  10-1 tor r ;  beyond this point, the MLI intersti
t ial  p re s su re  and then the sublayer interstitial p re s su re  lagged behind the chamber 
pressure.  The lowest MLI interstitial p re s su re  recorded w a s  9 ~ 1 0 - ~tor r ,  which w a s  
attained 510 minutes after the initiation of the pumpdown. The resulting transient heat 
flux is shown in figure 17. The heat flux started a t  a value of 237 watts pe r  square me
t e r  (75. 3 Btu/(hr)(ft 2)) under ground-hold conditions, which compares to a value of 
264 watts per  square meter  (83. 9 Btu/(hr)(ft 2)) obtained fo r  the previous steady-state 
data point (table I). The heat flux decreased as the chamber pressure decreased but 
never did reach the expected steady-state space-hold heat flux due to an apparent leak 
in the vacuum chamber and a rise in the chamber p re s su re  beyond 534 minutes after 
initiation of the pumpdown. The final recorded transient heat flux prior to ending the 
test  w a s  2.6 watts per  square meter  (0. 82 Btu/(hr)(ft 2)), as compared to an expected 
space-hold heat flux of 0. 949 watt pe r  square meter  (0. 301 Btu/(hr)(ft 2)) noted in ta
ble I. During the transient pumpdown, the back-pressure control system then utilized 
(the f i r s t  of the three systems tried) did not function correctly, and the measure-tank 
p res su re  dropped from 865.1 t o r r  (16.73 psia) t o  747.2 t o r r  (14.45 psia) over the t ime 
period from 10 minutes to  95 minutes a f te r  the s t a r t  of the pumpdown. No corrections 
were made to the instantaneous values of the measured boiloff during this time period, 
however, since the pressure drop occurred over such a long period of time and since 
the increased boiloff due to the decreasing tank p res su re  was small  (< lo  percent) when 
compared to  that due to  the heat flux through the insulation. The transient heat flux i s  
plotted as a function of the multilayer interstitial pressure and compared to the steady-
state heat flux data in figure 18. The transient data are plotted as a function of the 
multilayer interstitial pressure ra ther  than the chamber p re s su re  since this i s  more 
representative of the actual p re s su re  within the insulation which i s  controlling the gas
eous conduction component of heat transfer.  The comparison of transient and steady-
state data required the assumption that, during the transient pumpdown, the insulation 
is a t  a quasi-steady-state condition a t  each instant in time. The transient and steady-
state data generally agree quite we l l  down to a t  least  torr .  

A rapid pumpdown test  w a s  attempted for each of the three insulation systems with 
the multilayer insulation panels purged with gaseous nitrogen. None of the tests,  how
ever, were successful in achieving a satisfactory chamber p re s su re  decay rate. The 
resulting p res su re  decay rate  within the chamber, MLI, and sublayer for the aluminized 
Mylar/silk net/fiber g l a s s  insulation system (typical for all systems tested) is shown in 
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figure 19. The chamber pressure  decay provided a good simulation of a Saturn V 
ascent p re s su re  decay only for the first 121 minutes of the pumpdown. Between 1 and 

3 minutes, some difficulty w a s  experienced with the chamber pressure  controller 
which momentarily slowed the chamber pumpdown rate. Beyond 3 minutes after the 
initiation of the pumpdown, the chamber pressure  decay r a t e  w a s  slowed up by the sub
limation of frozen nitrogen, and a vacuum level of lX10-4 t o r r  w a s  not achieved in the 
chamber until approximately 200 minutes after the pumpdown had been initiated. The 
MLI interstitial p ressure  again tended to  follow the chamber p re s su re  curve throughout 
most  of the pumpdown. The indication that the sublayer interstitial p re s su re  decayed 
even fas te r  than the chamber p re s su re  may be a consequence of the sublayer vent lines 
being connected just upstream of the roughing pumps ra ther  than directly into the cham
ber. The transient heat flux (noted in fig. 20) started at a ground-hold heat flux of 
200 watts  pe r  square meter  (63. 5 Btu/(hr)(ft 2)). The transient heat flux curve again 
showed the tendency to follow the MLI interstitial and chamber pressure  decay curves. 
The last recorded space-hold heat flux w a s  2 . 5  watts pe r  square meter  (0 .78  Btu/ 
(hr)(ft2)), which w a s  higher than the value of 1 . 6  watts per  square meter  (0. 50 Btu/ 
(hr)(ft2)) obtained during steady-state testing (table I, run 18). This w a s  probably 
caused by a higher MLI interstitial p ressure  a t  the end of the transient test. During 
the transient pumpdown, the measure-tank back-pressure controller functioned properly 
and maintained the measure-tank p res su re  at 9 0 1 . 3 4 . 6  t o r r  (17.42rtO. 03 psia). There
fore ,  no correction to the boiloff due to changes in  measure-tank p res su re  need be 
considered. The transient heat flux as a function of the MLI interstitial p ressure  is 
compared to the steady-state data for  this insulation system in figure 21. In th i s  case, 
the transient data agreed very well with the steady-state data. 

The average MLI temperature profiles within MLI systems 1 and 2 as recorded 
during the chamber pumpdown t e s t s  discussed previously a r e  noted in table IV. Both 
the specific and average temperatures  a t  some locations within the MLI tend to fluc
tuate with t ime and chamber pressure .  The reason for this is not apparent. I t  may be 
due, in part, t o  sublimation of frozen nitrogen influencing the gaseous conduction and, 
therefore, the MLI temperature profiles, at varying t imes  during the pumpdown. Or,  
i t  may be due to small  p ressure  gradients, which were created by uneven venting of the 
interstitial purge gas, expanding or compressing the MLI panels in localized a reas .  

The data from these transient pumpdown t e s t s  of gaseous-nitrogen-purged MLI 
systems indicated that, for a t  least  the vacuum chamber pumpdown ra tes  achieved, 
there  w a s  close agreement between the transient and steady-state heat flux when plotted 
as a function of MLI interstitial pressure.  Therefore, it may be  said that, over all, 
a quasi-steady-state heat-transfer condition existed at each point in t ime during the 
transient pumpdown. In addition, the data indicated that the expected space-hold heat 
flux (as determined from steady-state tests) could not be  achieved within a relatively 
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short  period of t ime after the vacuum chamber had been pumped down to a p res su re  of 
t o r r  o r  less. 

Helium-purged MLI pumpdown tests. - A good simulation of the Saturn V ascent~~ 

pres su re  decay down t o  a chamber p re s su re  of 10-1 t o r r  (fig. 22) was achieved with the 
aluminized Mylar/Dexiglas/fiber glass MLI systems when a gaseous helium purge was 
utilized in the MLI as well as in the sublayer. The chamber reached a vacuum level of 
M O - ~  t o r r  at 6. 2 minutes after the pumpdown was  initiated. The MLI interstitial p re s 
s u r e  followed the chamber pressure curve down t o  3X10-2 t o r r  and then lagged behind, 
as shown in the figure. The lowest MLI interstitial p re s su re  recorded was 6 . 5 ~ 1 0 - ~  
t o r r  at 102 minutes after initiation of the rapid pumpdown. The helium-purged sublayer 
appeared to  pump down very rapidly. The indication that the sublayer pumped down 
faster  than the chamber during the latter stages of the pumpdown was again most likely 
a result of connecting the sublayer vent line directly upstream of the roughing pumps. 

The measured transient heat flux recorded during the rapid pumpdown is shown in 
figure 23. The initial ground-hold heat flux was 536 watts pe r  square meter  (170 Btu/ 
(hr)(ft2)) at the start of the test. The measured heat flux decayed rapidly during the 
pumpdown and attained a steady-state space-hold value of 0. 44 watt pe r  square meter  
(0. 14 Btu/(hr)(ft 2)) a t  110 minutes after initiation of the pumpdown. The space-hold heat 
flux was lower than that obtained during the steady-state t e s t s  conducted initially after 
purging the .MLI with nitrogen (table I, run 9). This may be due to the very rapid vent
ing of the sublayer plus the delayed venting of the MLI interstitial purge gas, which 
could have fluffed out the MLI somewhat (both radially inward as wel l  as outward) and 
reduced the solid-conduction component of heat transfer. During the transient pump-
down (1 to 14 min), the back-pressure controller again did not function properly and the 
measure-tank pressure dropped from 1201 t o r r  (23.23 psia) to 741.0 t o r r  (14.33 psi:). 
This time, a correction to the measured boiloff w a s  required because of the relatively 
large pressure drop involved and the relatively short  period of t ime in which the p re s 
su re  drop occurred. The corrected heat flux is a l so  shown in figure 23; the procedure 
used in making the correction is discussed in the following paragraph. 

The measured transient heat flux as a function of the MLI interstitial p re s su re  is 
compared with the steady-state data in figure 24. The measured transient heat flux was 
considerably higher than the steady-state heat flux over the p re s su re  range from about 
350 t o r r  to to r r .  This range represents the data obtained during the t ime interval 
of 1 to  14 minutes after the initiation of the pumpdown. This is the time interval during 
which the measure-tank p res su re  drop w a s  noted. Normally, in order to  make a cor
rection for the measure-tank p res su re  drop, the amount of saturated liquid hydrogen in 
the measure tank a t  the s ta r t  of the pumpdown would have to be  accurately known. For  
these tests,  however, suitable instrumentation within the measure tank had not been 
provided, and the amount of saturated liquid hydrogen in the measure tank was not 
accurately known because of the f i l l  procedure and the amount of tank pressure r i s e  

20 



encountered while setting up the initial ground-hold conditions. However, the previous 
data had indicated that the curve of transient heat flux against MLI interstitial p ressure  
should coincide with the steady-state data (figs. 18 and 21). Therefore, the measured 
liquid hydrogen boiloff w a s  corrected by means of the following procedure. 

The total boiloff gas  flow rate, and hence the measured heat flux, included some 
quantity of boiloff gas  resulting from the heat lost (reduction in saturation temperature) 
by the bulk of the liquid hydrogen contained within the measure  tank. The actual heat 
t ransferred through the MLI system can be expressed as 

where the saturation temperature of the bulk of liquid hydrogen experienced a decrease 
of ATs corresponding to the decrease in measure-tank p res su re  over a small  time 
interval At. The m a s s  of saturated liquid hydrogen within the measure tank a t  a par 
ticular point in t ime w a s  initially determined by assuming that C&, w a s  equal to a 
value Qss determined from a previous steady-state test  so  that 

(4) 

For this case, Qss w a s  a rb i t ra r i ly  determined from run 16, where the chamber pres 

s u r e  w a s  9. OX10-2 t o r r ;  and &m w a s  determined from the transient data at a point in 
t ime where the MLI interstitial p ressure  w a s  approximately 8. 7X10-2 torr .  The calcu
lated m a s s  of saturated liquid hydrogen (11. 58 kg, or  25. 52 lb) at that point in t ime 
w a s  approximately 26 percent l e s s  than the total m a s s  (saturated and subcooled) of 
liquid hydrogen (16. 39 kg, or 36. 13 lb) calculated to be in the measure tank by integrat
ing the measured boiloff gas  flow ra t e  f rom the t ime a t  which the filling procedure had 
been completed. A new curve of saturated liquid hydrogen m a s s  mLH, w a s  gener
ated by integrating the measured boiloff gas  flow ra t e  both forward and backward in t ime 
from the point a t  which the MLI interstitial p ressure  w a s  recorded. Other values of 
transient measured heat f lux  recorded while the measure tank p res su re  dropped were 
then corrected as follows: 

AT-
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where C, and A T s  were determined by the curve of measure-tank pressure decay 
against t ime that had been recorded during the transient test. The three major assump
tions for  the procedure just described are as follows: 

(1) A quasi-steady-state heat-transfer condition for  the MLI system existed at each 
point in t ime during the transient test. 

(2) The initial value of Qss used is a t rue  value. 
(3) The mass of liquid hydrogen in the measure tank assumed to be subcooled (not 

at saturated conditions) remained constant with time. 
The  corrected heat flux data are also shown in figures 23  and 24. The corrected tran
sient heat flux now ag rees  closely with the steady-state data over the entire p re s su re  
range fo r  which the MLI p res su re  was recorded. 

The aluminized Mylar/silk net/fiber glass insulation was subjected to the rapid 
pumpdown indicated by the chamber p re s su re  curve in figure 25. The pumpdown curve 
provided a fairly good simulation of the Saturn V ascent p re s su re  decay down to 3 ~ 1 0 - ~  
to r r .  However, the chamber did not achieve a p res su re  of lX10-4 t o r r  until 48 minutes 
after the initiation of the pumpdown; this w a s  most probably caused by a small  leak in 
the chamber. The MLI interstitial p re s su re  again followed the chamber pressure curve 
down to almost t o r r  and then lagged behind. The lowest recorded MLI interstitial 
p re s su re  w a s  7 . 4 ~ 1 0 - ~t o r r  a t  17 minutes af ter  the pumpdown had been initiated. From 
the data obtained, the MLI system utilizing the si lk net spacer appears to vent slightly 
faster (more rapid p re s su re  decay rate) than the system utilizing the Dexiglas spacers  
( for  comparison see figs. 22 and 25). The measured transient heat flux is shown in 
figure 26. The initial ground-hold heat flux at the start of the test  was 416 watts per  
square meter  (132 Btu/(hr)(ft 2)). The measured transient heat flux again decayed 
rapidly and attained a steady-state space-hold value of 0. 44 watt p e r  square meter  
(0. 14 Btu/(hr)(ft 2)) a t  240 minutes after the initiation of the pumpdown. This i s  the 
same space-hold heat flux as obtained for insulation system 1 after the rapid pumpdown 
test. However, the space-hold heat flux w a s  obtained much later,  after the initiation of 
the pumpdown; this delay may be  due, at least  in part, to the slower chamber pumpdown 
ra t e  a t  reduced p res su res  noted in this test. The back-pressure controller again did 
not function properly during the transient pumpdown (0 to 18 min) and the measure-tank 
p res su re  dropped from 1084 .9  t o r r  ( 2 0 . 9 8  psia) to  7 4 5 . 1  t o r r  ( 1 4 . 4 1  psia). Therefore, 
the measured boiloff and heat flux were corrected in a manner similar to that described 
previously for MLI system 1. The measured transient heat flux is plotted as a function 
of the MLI pressure and compared with steady-state data in figure 27. Again the meas
ured transient heat flux for  MLI interstitial p re s su res  above t o r r  w a s  considerably 
higher than the steady-state data. Once corrected, however, the transient data showed 
good agreement with the steady-state data throughout the entire range of p re s su res  for 
which transient data were obtained. 
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The aluminized Mylar/Dexiglas/foam insulation w a s  subjected to a rapid chamber 
p re s su re  decay, as shown in figure 28. The chamber p re s su re  decay w a s  a good sim
ulation of the Saturn V ascent p re s su re  decay t o  p re s su res  less than torr.  Only a 
limited amount of data for the MLI interstitial pressure decay w a s  obtained due to dif
ficulty with the data recording system. However, the data indicate that the MLI inter
stitial p re s su re  followed the chamber p re s su re  decay curve closely into the 10-2-torr 
pres su re  range. The MLI vented slightly faster than the previous two insulation sys
t e m s  because of the higher MLI and purge gas  temperatures occurring during the initial 
ground-hold condition. Calibration tests had also shown that rapid pumpdowns con
ducted with ambient-temperature gaseous helium or  gaseous nitrogen (no liquid hydro
gen in the test tank) in MLI systems 1and 2 produced very rapid venting of the inter
stitial purge gases. MLI interstitial p re s su res  in the low 10-4-torr region were 
achieved within 10 minutes after the initiation of the pumpdown. The gaseous helium 
a l so  tended to provide a slightly fas ter  venting rate than gaseous nitrogen. 

The transient heat flux for  MLI system 3 is shown in figure 29. The initial ground-
hold heat flux was 237 watts pe r  square meter  (75 .4  Btu/(hr)(ft 2)) compared to 228 watts 
p e r  square meter  (72. 3 Btu/(hr)(ft 2)) obtained for the steady-state tests. MLI system 3 
attained space-hold heat flux of 1. 2 watts pe r  square meter  (0. 37 Btu/(hr)(ft 2)) 99 min
utes  after the initiation of the pumpdown, which compares to a steady-state space-hold 
heat flux of. 1. 2 watts pe r  square meter  (0. 38 Btu/(hr)(ft2)). Apparently, the rapid 
chamber p re s su re  decay did not f luf f  out the MLI panels because of the relatively f i rm 
foam sublayer, which prevented the radially inward movement of the MLI which the 
fiber glass  sublayer could have allowed. For  this test, the back-pressure controller 
functioned properly and maintained the measure-tank p res su re  a t  900. 3 t5 .2  t o r r  
(17. 4 1 4 .  10 psia). Therefore, no correction to  the measured boiloff and heat flux due 
to  a variation in the measure-tank pressure w a s  required. The transient heat flux, 
however, decayed more  slowly (particularly during the early par t  of the pumpdown) 
than that noted for  the first two MLI systems tested. In all probability, the energy given 
up by the foam sublayer and the inner layers of MLI as that portion of the insulation sys
tem chills down from its ground-hold temperature profile accounts for,  at least, a con
siderable par t  of the measured transient heat input. An estimate of the heat lost by the 
foam was made by, first of all, calculating the temperature profiles through the foam 
sublayer corresponding to  the ground hold (surface temperature, 240 K (432' R)) and to 
the space hold (surface temperature,  36 K (65' R))  using the faired thermal conductivity 
curve in figure 15. The only value fo r  specific heat C of low-density foam insulation 
that could be  located in  the l i terature  available was 1.  2X10-3 joule p e r  kilogram pe r  K 
(0 .29 Btu/(lb)(OR)) at a temperature of 296 K (532' R )  (ref. 9) .  Therefore, a linear 
specific-heat function C = 4 . 0 5 ~ 1 0 - ~  T (in OR)), along with aT (in K) (C = 5 . 4 5 ~ 1 0 - ~  
density of 34.3  kilograms p e r  cubic meter  (2 .14  lb/ft 3 ) (ref. 9) ,  was assumed. Using the 
equation expressing the heat lost f rom the foam as mC AT, the estimated value of heat 
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lost by the foam sublayer during the transient pumpdown was 4 . 1 8 ~ 1 04 joules p e r  square 
meter  (3.68 Btu/ft 2 ). 

MLI system temperature. profiles. - The temperature profiles recorded within all~-~. 

three insulation systems during the helium-purge rapid pumpdown t e s t s  are noted in 
table V. The temperatures a t  a given location tended to fluctuate much less with t ime 
than those noted for the tests where the MLI was purged with nitrogen. 

Integrated heat flux. - The curves of corrected transient heat flux against t ime 
(figs. 23, 26, and 29) fo r  the helium-purged MLI panels were integrated time-wise to 
determine the total heat input through the insulation system after any specified t ime 
until steady-state space-hold conditions were reached. The resul ts  are shown in fig
u r e  30. The aluminized Mylar/Dexiglas/fiber g l a s s  insulation system showed the high
e s t  integrated heat input during the early par t  of the pumpdown due to the high ground-
hold heat flux. The aluminized Mylar/silk net/fiber glass  showed a slightly slower 

' 

increase in the initial heat input, but about the same total heat input a t  150 minutes 
after initiation. This may b e  a t  least partially attributed to a somewhat slower cham
b e r  pressure decay rate  a t  reduced p res su res  for  the rapid pumpdown test  for insula
tion system 2. The aluminized Mylar/Dexiglas/foam insulation system, although it had 
the lowest total heat input initially due to the low ground-hold heat flux, ended up with 
highest total heat input for any t ime greater  than 621minutes after the initiation of the 
pumpdown. However, a t  least  4. 18X104 joules p e r  square meter  (3.68 Btu/ft 2) of the 
total heat input can be attributed to  heat given up by the foam sublayer during the t ran
sient period. The heat given up by the foam sublayer could be significantly reduced by 
optimizing the foam sublayer thickness at the sacrifice of a slightly higher ground-hold 
heat flux. 

A comparison of the actual (corrected) and ideal integrated heat input for  the three 
insulation systems (MLI helium purged for  ground-hold) is shown in table VI. The ideal 
integrated heat input assumes that the MLI interstitial pressure w a s  a t  all t imes equal 
to the chamber p re s su re  during the transient pumpdown. The curves of steady-state 
heat flux against chamber pressure were then utilized for  time-wise integration of the 
heat flux. The comparison indicates that not too much i s  to be  gained by attempting to 
improve the venting rates of MLI systems 1and 2. The large difference between the 
actual and ideal heat inputs for MLI system 3 can be partially resolved by optimizing 
the foam sublayer thickness. Improvements in the total heat input might be achieved 
for all three MLI systems by utilizing a nitrogen purge within the MLI panels during the 
initial ground-hold conditions. However, an experimental demonstration requires a 
well-designed insulation and a test  tank that can be  adequately sealed to ensure that no 
freezing of the nitrogen purge gas  will occur and that a rapid pumpdown can be achieved. 
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CONCLUDING REMARKS 

Both steady-state and transient heat flux data were obtained to determine the extent 
to which the total integrated heat input through three  30-layer multilayer insulation 
systems determined under simulated ascent p re s su re  decay conditions differed from 
that predicted by using equivalent steady-state conditions. The multilayer insulation 
systems utilized (1) glass-fiber paper (Dexiglas) or si lk netting as the spacer between 
the double-aluminized Mylar radiation shields, and (2) helium-purged fiber g lass  or 
sealed foam sublayers to reduce the ground-hold heat flux. Experimental data were ob
tained fo r  each insulation system with the multilayer insulation panels purged with both 
gaseous nitrogen o r  gaseous helium. However, a simulated transient ascent p re s su re  
decay representative of a Saturn V launch could be  achieved only when the MLI panels 
had been purged with gaseous helium. 

The initial steady- state data indicated that the space-hold thermal  performance of 
the three multilayer insulation systems w a s  approximately the same (0.9 to 1.6 W/m 2 , 
o r  0. 3 to 0. 5 Btu/(hr)(ft 2)). The transition between space-hold and ground-hold condi
tions w a s  characterized by an S-shaped curve of heat flux as a function of interstitial 
pressure.  The ground-hold data indicated that the MLI system utilizing a sublayer of 
polyurethane foam had a lower and more  predictable ground-hold heat leak than those 
utilizing a gaseous-helium-purged fiber g lass  sublayer. Each MLI system showed an 
increase in the ground-hold heat flux when the MLI blankets were purged with gaseous 
helium rather  than with gaseous nitrogen, as expected. 

The values of thermal  conductivity of the foam sublayer calculated from steady-
state data were close to values observed from other t e s t s  conducted a t  the Lewis Re
search  Center. The foam sublayer remained structurally intact throughout the test  
program. However, it w a s  concluded that for MLI systems utilizing the gaseous
helium-purged fiber g lass  sublayer, the thickness of the sublayer could neither be  main
tained nor controlled to the desired value. This resulted in condensation and/or f reez
ing of the gaseous nitrogen purge within the multilayer insulation, which is undesirable 
if  the MLI blankets must vent rapidly to  a low interstitial pressure.  A more  reliable 
concept could utilize either an  optimized foam sublayer with either gaseous-nitrogen
or helium -purged multilayer insulation, or  just a gaseous- helium -purged multilayer 
insulation without a sublayer. 

The rapid pumpdown t e s t s  simulating the Saturn V ascent pressure  decay (conducted 
with the multilayer insulation purged with gaseous helium) indicated that the interstitial 
p ressure  within the insulation blankets decayed rapidly down to  l e s s  than the 10-2-torr 
p re s su re  level. However, a considerably longer period of t ime (approx. 2 hr) w a s  r e 
quired f o r  the interstitial p re s su re  to drop to l e s s  than torr.  The interstitial p res 
su re  decay r a t e  appeared to  be  a function of the purge gas  temperature. Rapid pump-
down tests  conducted with all components a t  ambient temperature  (no liquid hydrogen in 
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the tes t  tank) indicated that the interstitial p re s su re  decayed into the low 10-4-torr re
gion within l e s s  than 10 minutes after the pumpdown w a s  initiated. Also the p re s su re  
decayed somewhat m o r e  rapidly when the multilayer insulation was purged with gaseous 
helium as compared t o  gaseous nitrogen. 

The transient heat flux, start ing from the initial ground-hold condition, decayed in 
a manner very s imilar  to the interstitial p re s su re  decay during the rapid pumpdown 
tests. The measured heat flux generally reached the steady-state space-hold values 
approximately 2 hours after the rapid pumpdown had been initiated. The steady-state 
space-hold heat leak measured after a rapid pumpdown for the two multilayer insulation 
systems utilizing a fiber glass sublayer w a s  0.44 watt p e r  square meter  (0.14 Btu/ 
(hr)(ft2)), which apparently resulted from some fluffing out of the MLI caused by rapid 
venting of the interstitial purge gas. The total integrated heat flux for the first 150 min-
U t e s  w a s  also the same (9.4X10 4 J / m  2 , or  8 .3  Btu/ft 2) for the two multilayer insulation 
systems utilizing the fiber g l a s s  sublayer. The idealized heat input (calculated from 
steady-state data and assuming the interstitial p re s su re  decayed a t  the same r a t e  as 
the Saturn V ascent pressure)  was 7.4X10 4 and 7.7X10 4 joules p e r  square meter  (6. 5 and 
6. 8 Btu/ft 2) fo r  the aluminized Mylar/Dexiglas and aluminized Mylar/silk net MLI sys
tems, respectively. The integrated measured heat flux fo r  the MLI system utilizing the 
foam sublayer w a s  16.8X104 joules per  square meter  (14. 8 Btu/ft 2), while the idealized 
value w a s  calculated to  be  only 4. 7x104 joules pe r  square meter  (4. 1Btu/ft 2). How
ever, the foam sublayer w a s  actually thicker than would have been required for an 
optimized insulation system, and the heat storage capacity of the foam under ground

4hold conditions provided a sizable portion (rough calculation indicated at least 4 . 2 ~ 1 0  
joules per  square meter  (3.7 Btu/ft 2)) of the total integreated measured heat flux. 

Lewis Research Center, 
National Aeronautics and Space Adminis tration, 

Cleveland, Ohio, April 1, 1971, 
180-31. 
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APPENDIX A 

ANALYTICAL PREDICTION OF INTERSTITIAL PRESSURE DECAY 

As indicated in the main body of the report, the multilayer insulation panels were 
sized such that the point where maximum interstitial p ressure  occurs  (center of panel) 
experiences nearly identical p re s su re  decay rates as the corresponding point in a panel 
of the 2. 10-meter (82.6-in. ) diameter  tank insulation system. For completeness, a 
description of the analytical program used for predicting p res su re  decay ra tes  is in
cluded. 

Analy t ica l  Model 

The analytical model utilized to predict the interstitial p ressure  decay within mul
tilayer insulation has  been discussed previously in references l and 10. The model 
assumes  that the interstitial purge gas  within the multilayer insulation during ground-
hold conditions is vented edgewise from each insulation panel during the ascent pressure  
decay. Interstitial gas flow in both the continuum, or viscous gas  flow, regime and the 
f r e e  molecular regime is considered. 

The continuum, or viscous gas  flow, regime can be  described by Darcy’s classical 
relation for porous, one-dimensional flow (see fig. 31): 

If it is assumed that the gas flowing through the porous media is subject to the perfect-
gas  law, performing a m a s s  balance on a differential control volume of length dx r e 
sults in the following nonlinear differential equation: 

which is subject to the following boundary conditions: 

P(x, 0) = Pi 
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Transforming equation (A2) into a cylindrical coordinate system for two-dimensional 
flow within a multilayer insulation panel resu l t s  in the following equation for describing 
the interstitial p re s su re  decay: 

The two-dimensional flow equation for an oblate spheroidal coordinate system (used for 
both spherical and oblate spheroidal tank configurations) is 

1 

acp2 a2 sin2cp ae2 

1 

(A41 

Gas flow in the f r ee  molecular regime is assumed to be a mass  diffusion process  
which can be described by Fick's law as follows (one-dimensional flow): 

The transient equation is then obtained (using the perfect-gas law p = P/RT) in a manner 
s imilar  to that for the viscous flow equation: 

D-a2p + q R T = -ap 
2 atax 

The mass  generation term qRT (included in eq. (A6) to account for outgassing of the 
multilayer insulation mater ia ls  a t  reduced pressures)  can be written as 
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qRT = 9.835X10 -2 (1- 2N)g 
X 

fo r  this program. The boundary conditions for equation (A6) are the same as those for 
equation (A2). Transforming equation (A6) into a cylindrical coordinate system for  two-
dimensional flow within a multilayer insulation panel resul ts  in the following equation 
for  describing the interstitial p re s su re  decay: 

fi) + qRT2 
az 

The two-dimensional flow equation for an oblate spheroidal coordinate system is 

at acp2 a2 sin cp e + [ $ c o t c p + ( $  -$)sin2{$}+qRT1 ae  

The transition from continuu.m, o r  viscous, flow to  f r ee  molecular flow within a 
multilayer insulation panel w a s  assumed to occur between 10 t o r r  and 0. 1t o r r  (as in
dicated by ref. 11 for an aluminized Mylar/Dexiglas insulation system) in a smooth 
fashion as obtained from the following equation: 

% WC = 100 - % WM = 100 c1 - (2.25 J - 1. 5 J2 + 0.25 J3j) 

where J = log(100 P). The transition region for the helium-purged sublayer w a s  arbi
t ra r i ly  assumed to occur between 1000 t o r r  and 10 torr;  therefore, for equation (AlO), 
J = log P. 

The experimental values of the permeability constant determined as a result  of the 
investigation reported in reference 1 were utilized. A permeability constant of 
8.4X10-lo square meter  ( 9 ~ 1 0 - ~f t2 )  w a s  used for the fiber-glass sublayer and a per
meability constant of 5 .9~10- ’  square meter  ( 6 . 4 ~ 1 0 - ~ft2) w a s  used for the aluminized 
Mylar/Dexiglas multilayer insulation panels a t  a layer density of 28 l aye r s  per centi
meter  (70 layers/in.). The value of the permeability constant is dependent only on the 
porosity of the mater ia ls  assumed and is independent of the interstitial purge gas  and 
temperature. 

The diffusion constant, which i s  dependent on the interstitial purge gas  and temper
ature,  w a s  determined from experimental data presented in reference 1 and the follow
ing equation: 
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Values for the diffusion constant determined in reference 1were for an aluminized 
Mylar/Dexiglas multilayer insulation panel. Since no experimental data were available 
fo r  the fiber g l a s s  sublayer, diffusion constants predicted by equation (Al l )  were 
utilized. 

The computer program was written to  calculate the p re s su re  profile ac ross  a mul
tilayer insulation panel o r  fiber glass  sublayer a t  (1)a specified number of points be
tween the no-flow boundary and the edge of the panel, and (2) a specified time increment 
throughout the assumed ascent-pressure-decay-against-time profile. The multilayer 
insulation panel configurations utilized in this program for both the cylindrical and 
spherical tank configurations are shown in figure 32. The analytical model actually 
considered only a quarter  segment of the cylindrical panel and/or one-half of the spher
ical  panel because of the symmetry of the flow pattern. 

The analytical model assumes that the values of the permeability and diffusion con
stants used for the interstitial purge gas  also applied to  the gas  generated within the 
multilayer insulation due to  outgassing. This is an a rb i t r a ry  assumption which may o r  
may not be strictly valid. 

A na I yt ica I Resu Its 

A comparison of the interstitial pressure decay for the aluminized Mylar/Dexigla3 
multilayer insulation panels considered for both the 0. 76-meter (2. 50-ft) diameter 
cylindrical calorimeter and the 2. 10-meter (6. 88-ft) diameter spherical tank is shown 
in figure 33. The interstitial p re s su res  shown a r e  for  the point at o r  near the center of 
each panel where the maximum interstitial pressure a t  any point in time was  predicted 
to occur. The interstitial purge gas w a s  assumed to  be gaseous nitrogen at a tempera
ture  of 79. 5 K (143’ R), which represented an average temperature under ground-hold 
conditions a t  a point within the multilayer insulation panel where the experimental inter
stitial pressure measurements were made. The resul ts  indicated that, for the panel 
s izes  considered, the interstitial pressure decay r a t e  of the cylindrical tank MLI panel 
w a s  very close to that of the MLI panel for the spherical tank. The MLI panels theo
retically vent very rapidly during the ascent p re s su re  decay for a zero outgassing rate. 
However, the interstitial p re s su res  can remain high enough tor r )  to affect the 
space-hold heat flux if the outgassing ra te  of the insulation material  remains higher than 
1. 08X10-6 tor r - l i t e r  pe r  square meter  per  second torr-liter/(ft 2)(sec)). The 
maximum pressure differential between the center and the edge of the MLI panel 
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analytically predicted was 0.28 t o r r  for  the spherical tank and 0.26 t o r r  for the cylin
dr ical  tank; both occurred at 140 seconds into the ascent pressure decay. 

The interstitial p re s su re  profile a c r o s s  the width of the MLI panels in the plane of 
t h e  maximum interstitial p re s su re  (along the no-flow boundary) is shown in figure 34. 
The ambient o r  boundary p res su re  was 1. 82X10-6 to r r ,  corresponding to  300 seconds 
of the assumed ascent p re s su re  decay. The resul ts  indicate that the interstitial p re s 
s u r e  was relatively constant a c r o s s  most  of the width of the panel. This indicates that, 
fo r  practical purposes in correlating experimentally measured heat flux with interstitial 
pressure,  the interstitial p re s su re  measured a t  the center of a cylindrical panel can be 
considered as the average panel p re s su re  without creating unduly large e r ro r s .  It 
should also be noted that the p re s su re  profiles are nearly identical for the cylindrical 
and spherical MLI panels. 

The interstitial p re s su re  profile along the length of the MLI panels in the plane of 
the maximum interstitial pressure (along the no-flow boundary) is shown in figure 35. 
The ambient or boundary p res su re  is again 1. 82X10-6 to r r .  The interstitial p re s su re  
is lower near the top of the spherical MLI panel than near the bottom because of the 
shorter distance from the no-flow boundary to the edge of the panel. The p res su re  pro
file is sti l l  very s imilar  to  that predicted for the cylindrical MLI panel, which exhibited 
a relatively flat p re s su re  profile except close to the edge of the panel. 

As notced in the discussion of figure 33, multilayer insulation outgassing r a t e s  higher 
than 1.08X10-6 to r r - l i t e r  p e r  square meter  pe r  second torr-liter/(ft 2)(sec)) would 
have been sufficient to maintain the interstitial pressure above tor r .  This would 
adversely affect the space-hold thermal  performance of the multilayer insulation by in
creasing the gaseous conduction component of the total heat transferred.  Experimentally 
determined outgassing rates for three multilayer insulation mater ia ls  (refs. 11to 13) 
are noted in figure 36. These values were determined from transient, controlled pump-
down tes t s  in small  vacuum tanks. The ranges of absolute values of the outgassing r a t e s  
are indicative of what can be expected. Since the outgassing r a t e  would b e  expected to  
b e  a function of the ambient o r  vacuum tank pressure decay, however, the curves of 
outgassing rate  as a function of t ime are questionable because the vacuum tank pumpdown 
may vary from one tes t  t o  another and, also, is considerably different from the expected 
launch vehicle ascent p re s su re  decay curve. The data presented indicate that for the 
multilayer insulation panels considered in this investigation, the outgassing ra te  should 
decay to  1.08X10-6 to r r - l i t e r  pe r  square meter  per  second torr-liter/(ft 2)(set)) 
within 15 hours after the launch (a conservative estimate). 

The interstitial p re s su re  decay for  helium-purged multilayer insulation is compared 
with that fo r  nitrogen-purged insulation for the cylindrical tank in figure 37. The helium 
g a s  temperature w a s  assumed to  be 147 K (265' R), which w a s  the expected temperature 
of the insulation a t  the point where the interstitial p re s su re  w a s  experimentally meas
ured. The analytical resul ts  indicate that the helium-purged MLI panels should vent 
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slightly more  rapidly and achieve slightly lower p re s su res  within a panel than nitrogen-
purged MLI for  the same outgassing rates.  The maximum differential p re s su re  ac ross  
the helium-purged MLI panel w a s  0.44 t o r r  and occurred at 130 seconds into the ascent 
pressure  decay. 

A comparison of the theoretical interstitial p re s su re  decay within the helium-purged 
sublayer for the cylindrical and spherical tank configurations is shown in figure 38. The 
analytical model w a s  a l tered to consider only one-dimensional flow for this case  be
cause, for each tank configuration, the purge gas  was allowed to vent only from the top 
and bottom of the sublayer and not from the vertical edges. The gas  temperature w a s  
assumed to be  49 K (88' R) and the outgassing r a t e  w a s  assumed to be zero. Even 
though the values of the diffusion constant and transition region were  a rb i t ra r i ly  chosen, 
the analytical resu l t s  indicate that the interstitial p ressure  decay for the sublayer on the 
cylindrical tank should be  very close to that expected for the spherical tank. 
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APPENDIX B 

SYMBOLS 

A area of measure tank surface, m 2; f t2 


a major semi-axis of oblate spheroidal coordinate system, m; f t  


b minor semi-axis of oblate spheroidal coordinate system, m; ft 


C specific heat, J/(kg)( K); Btu/(lbm)( OR) 


D diffusion coefficient, m 2/sec; f t2/sec 


G m a s s  flow rate pe r  unit cross-sectional area, kg/(sec)(m 2); lbm/(sec)(ft 2) 


GV 
volumetric flow ra t e  pe r  unit cross-sectional area, m/sec; ft/sec 


g gravitational constant, 9.8066 m/sec2; 32.174 ft/sec 2 


J log P or log(100 P) 


Kn Knudsen number, ratio of mean f r e e  path of gas to tube radius 


k permeability constant, m2; f t2 


L total length of flowpath from no-flow boundary to  edge of panel, m; ft 


M molecular weight, @/mole; lbm/mole 


m mass ,  kg; lbm 


N number of radiation shields 


P pressure,  t o r r  or N/m2; lbf/ft 2 or  psia 


Q heat rate,  W; Btu/hr 


cl outgassing rate,  t o r r  -liter/(m 2) (sec); t o r r  -liter/(ft 2)(sec) 


R g a s  constant, J/(K)(m ole); ft- lbf/(lbm) ( O R )  


RP 
pressure ratio, P,/Ph 


r radius of cylindrical MLI panel, m; f t  


r radius of upper edge of MLI panel for  oblate spheroidal coordinate system, m; f t  

0 


T temperature, K; OR 


t t ime 

WC percent continuum flow 

WM percent molecular flow 

X thickness of MLI blanket, m; ft 
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x distance from no-flow boundary, m;  f t  


z height of cylindrical MLI panel f rom no-flow boundary, m; ft 


rl m a s s  generation due to outgassing, kg/(m 3)(sec); lbm/(ft 3)(sec) 


0 angle in horizontal plane, rad; deg 

p absolute viscosity, N-sec/m2; lbf-sec/ft 2 


p density, kg/m3; lbm/ft 3 


7 t ime constant, s ec  


cp angle from vertical centerline of tank, rad; deg 


Subscripts: 


a 

b 

C 

g 

H 

h 

i 

LH 

m 

S 

ss 

actual or  corrected value 

boundary condition a t  edge of panel 

cold 

tubulated gage 

helium 

hot 

initial conditions 

liquid hydrogen 

measured during transient conditions 

saturated liquid conditions 

steady- state conditions 
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TABLE I. - SUMMARY OF MULTILAYER INSULATION SYSTEM TESTS 
-
h Sublayer gas- Test condi Chambei Measured heat flux Insulation temperature-eous helium tions iressure 

purge rate torr W/m2 Btu/(hr)(ft2) Purge b q  Inside in- )utside in - 
scmh SCfh K OR 

ier blanke 
--

ermediate 
blanket 

K OR -- K OR 
K OR 

0.107 3. I Steady stat 738 260 82. 5 ._ _  -.. __._ _ _  ...... _ _ _  _.. _ _ _  _ _ _  
,111 3. 9 744 264 83. 9 68 123 7 i  139 156 280 214 386 247 445 
,022 .7 96. 4 195 61. 8 80 144 9f 173 148 267 189 341 232 418 
,005. . 1  1.83 140 44. 5 69 124 8: 150 142 255 186 335 232 417 
.005' . 2  1.00 128 40. 5 60 loa 7: 132 137 246 191 343 246 443 

( 0 0 !. 1x10-1 64.3 20. 4 46 82 52 93 120 216 196 352 275 495 
0 0 I. 0x10-2 11. 5 3. 65 163 293 167 300 219 395 262 47 1 295 531 

I 0 0 !.6r10-4 1.02 .322 91 163 10: 196 194 350 26 1 470 296 533 



- 

0 0 1 i. 2 x 1 0 4  .95  ,301  83 150 108 194 201 362 261 469 296 532 
1( .113 4.0 Transient _____.... -.. ... ...... _..... ......__. 

.._1: . 113 4 . 0  Transient ....... ...... ..____... _ _ _  ... ...... _ _ _  ... ...... 
- . 

1: 	 . 113 4.0 747 539 170 121 218 129 233 191 343 216 389 
...1: . 113 4 . 0  ....... _ _ _  ... __. ... ... ...... 

1' ... .3x10-6 .44 . 14 37 67 51 91 238 129 293 528 
1: _.. .1x10-2 38.8 12.3 29 52 32 58 204 368 283 510 
lf ... I. 0x10-2 47.6 15. 1 _ _ _  .._... .._ ... .-- ...... 
li 1 .__ .2b10-1 79. 1 25. 1 43 78 47 84 198 356 273 491- -

~ 

I f  0 0 .6x10-5 1. 57 0.499 56 100 78 140 203 365 268 $83 
L I  0 0 . O X I O - ~  2.45 . I77  90 162 104 187 203 365 255 159 
x . O O O f  .0: , 8*10-3 9.27 2.94 183 330 185 333 212 382 253 156 
1 1  .O O l i  .O! .3x10-2 12.5 3. 96 203 366 206 370 234 421 263 173 
1i .OOZE . 1( .4x10-' 38.8 12.3 184 332 188 339 219 394 254 157 
?> .005i . 2 (  .2x10-1 187 59.3 96 172 103 186 143 258 190 342 
'4 .01% .51 9. 93 157 49. 9 82 147 94 169 144 259 197 154 
1: .042 1. 5( 99. 6 158 50.0 58 104 65 117 128 231 192 146 
!E .149 5.2! I 738 125 103 59 107 64 	 115 110 198 193 I48 

...17 ,297 LO. 5 ..- ... __. ...... ... .. 
~ 

!8 .9x10-6 0.835 0. 265 63 I14 77 138 155 279 117 190 
!9 ......__._. . 0 ~ 1 0 - ~  1. 90 ,604 76 136 86 155 157 283 111 180 
IO ......_.._. . 3u10-3 3.85 1. 22 64 116 71 I28 157 282 231 115 
11 ...... .1*10-2 31. 1 9.85 51 92 57 I03 121 217 ZOO 160 
12 ...... .... .1x10-1 94. 3 29. 9 72 129 79 143 131 236 198 156 
13 ...... .._. 1.02 !43 77.2 113 104 120 116 152 274 189 840 
14 ..... 9. 98 !97 94.2 126 126 130 !34 151 272 177 #19 
15 99. 5 150 111 (39 151 144 159 166 298 191 843 
16 751 163 115 149 168 156 !81 181 325 110 878 
17 1 ,297 .o. 5 ....... ...... ....... ._.. _.._ _  _.___. .. 
-
8 ..... 752 .73 55.0 (77 119 186 134 211 380 148 47 
9 ...... -__. ....... ...... .. ... _ _ _  .. ...... .. 

10 ...... .... . 1. 36 .432 38 68 72 130 176 317 !59 67 

1 __.. 7 ~ 1 0 . ~  1. 19 0.378 63 13 77 38 !59 67 
2 .... 1 ~ 1 0 - ~  2.33 ,740 49 88 82 47 ! 18 92 
3 .... 3x10-2 10.9 3. 47 .. .. _ _ _  .. !03 65 
.4 ..__ 1.03 26 40. 1 48 !67 148 '66 '38 29 
5 __.. 103 14 68.0 16 889 2 17 I91 '41 33 
6 ..__ 746 28 72. 3 36 125 240 32 '59 66 
7 -__. ...... _ _  .. ... ._ .. _ _  
- -~ 
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TABLE II. - SUMMARY OF MULTILAYER INSULATION SYSTEM THICKNESS 

VILI 3round- Average  m e a s - Thickness  based  on ground-hold tests 

3 Y S - hold t e s t  u red  MLI 

t em 2lanket th ickness  Sublayer Inner blanket In te rmedia te  Outer  blan- Average 


~ - blanket ket blanket 
c m  in. c m  in. cm in. 

c m  in. c m  

1 2 0 . 4 6 2  0. 1 8 2  0 . 8 0 3  0. 3 1 6  0 . 3 3 9  0. 133  0 . 3 9 1  D. 1 5 4  0 . 2 5 9  

1 2  . 4 6 2  . 1 8 2  1 . 0 8 0  . 4 2 5  . 6 2 0  . 2 4 4  . 5 2 3  .2 0 6  . 5 7 2  

2 26  0 . 6 3 5  0 . 2 5 0  0 . 4 9 3  0. 1 9 4  0 . 1 7 7  0 . 0 4 6  0 . 3 8 1  0. 1 5 0  0 . 3 3 5  

36  . 6 3 5  . 2 5 0  2 . 3 3 0  . 9 1 7  .70P . 2 7 6  . 9 4 5  .3 7 2  . 8 7 4  

3 3 8  0 . 4 6 2  0. 1 8 2  _---- _ _ - _ _0 . 2 7 4  0. 108  0 . 4 4 5  0. 1 7 9  0 . 2 0 6  

4 6  . 4 6 2  . 1 8 2  _ - _ _ _  _ - -__  . 218 . 0 8 6  . 8 0 5  . 3 1 7  . 3 7 6  
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TABLE 111. - SUMMARY OF PREVIOUS TEST DATA OBTAINED WITH ALUMINIZED MYLAR/DEXIGLAS/FIBER GLASS MLI SYSTEM 

[Tank d iame te r ,  2. 10 m (82.6 in.) .]  

T e s t  type Refer - Chamber  wall MLI Heat flux Tem.perature MLI t empera tu re  arof i le  
ence t empera tu re  purge profile loca-

W/m2 Btu,/(h r )(ft') Outside in- Outside outer 
K OR 

g a s  
ne r  blanket t e rm ediate blanket 

blanket-K OR K OR 

Ground hold 1 Ambient i N2 1410 130 	 TOP 79 233 419 
Bottom 59 215 387 

7 

2 2651477 ~ N2 I372 118 	 TOP 75 197 i 355 

Bottom 51 I 233 419 
160 	 TOP 71 

Bottom I 50 
193 1347 ~ 240 432 

2851513 ~ He I630 200 

Space hold 1 I 222 
I1
; 400  

I , 
0. 45 

~ 1 Bottom 
YL----.' 

2 283 I509 11.20. 38 
I Bottom 281 505 

I 



-- -- 

TABLE IV. - GASEOUS-NITROGEN-PURGED MLI SYSTEM AVERAGE TEMPERATURE PROFILES 

DURING PUMPDOWN TESTS 
1 I 

MLI system Purge  g a s  Time, Chamber ' MLI tempera ture  profile 
min p res su re ,  

torr Purge  bag Inside in- Outside in- Outside in- Outside outer 
7
ner  blanket ner  blanket termediate blanket 

K ' OR---- blanket 
K OR K OR K OR 

K O R  


1 (run 10) He/N2 0 745 68 122 80 144 152 273 
30 199 81  145 89 161 154 277 
60 4. 50 67 120 84 152 160 288 
90 7.ox10-2 39 ' 71 5 1 '  91  ' 126 227 

I 
115 4 . 0 ~ 1 0 - ~  89 161 94 170 134 242 
150 1 . 4 ~ 1 0 - ~118 212 120 216 149 268 
180 1. 8X10-5 122 219 1 2 4 , 2 2 3  146 262 
2 10 
270 

118 212 
114 206 

119 ,215
I ' 214  

143 258 
137 247 

330 119 2 14 197 355 287 517 
117 2 10 207 372 286 515 
114 205 116 208 221 398 281 506 
114 206 118 213 234 421 284 512 
--

2 ( run  27) He,NZ 7 1  128 211 379 256 461 
13. 2 92 166 187 336 222 399 
1. 10 76 137 212 382 237 427 

1. 3 ~ 1 0 - ~  85  153 204 368 266 478 
244 lo4  124 224 241 433 290 522 

--



1 1 1 1 1 ~ I11111111 

T A B L E  V. - G A S E O U S - H E L I U M - P U R G E D  M L I  S Y S T E M  A V E R A G E  T E M P E R A T U R E  

P R O F I L E S  DURING P U M P D O W N  T E S T S  

MLI s y s - T i m e ,  C h a m b e r  M L I  t e m p e r a t u r e  p r o f i l e  

t e m  m i n  p r e s s u r e .  
t o r r  P u r g e  bag I n s i d e . i n - O u t s i d e  in- 3 u t s i d e  i n - O u t s i d e  o u t e r  

i e r  b l a n k e t  ner b l a n k e t  . e r m e d i n t e  b l a n k e t  
- -

K OR ~ ~ b lan kct  
K OR K OR K 

~ 

1 ( ru t1  13)  Hr H e  0 748  1 2 1  218 1 2 9  2 3 3  164  296 217 3 90 

1. 3 33. 1 112  202 118 2 1 3  142  255  199  359  

2 . 8  3 . 7 ~ 1 0 - 1  9 1  163  9 4  1 6 9  138  248 208 375  

5 3 . 6 ~ 1 0 - ~  44 7 9  47  8 5  1 2 4  224  23 1 416 

9 2 . 1 .  1 0 - ~  22 40 2 5  4 5  118 212 233 419  

28 9 . 3  I 23  4 1  3 2  57  108  1 9 4  263  474  

162  4.  3 37 6 7  5 1  9 1  1 1 3  203  293  528 
~ -

2 (run 37)  H e  He 0 728  147 26 5 150  270  167  3 0 1  205  369  223 401  

3 2. 5 . 1 0 - l  7 9  142  9 2  1 6 5  1 4 9  269 196 353  244 440 

6 1 . 2 . 1 0 - ~  46 8 3  5 4  98  137  247 194  349  246 443 

1 3  3.  6 . 1 O e 4  3 1  56 49  8 8  1 3 5  243 197  3 5 5  256 460 

20 2 . 2  3 3  6 0  42 7 5  132  237 1 9 9  359  263 474 

3 1  1.8 20  36 29  53  1 2 1  217 184  3 3 1  27 1 487 

40. 5 1. 2 2 5  4 5  3 4  6 1  120  2 16 202 363  279 502 

5 1  9.  5' 38  6 8  4 5  81 1 2 3  221 207 372 287 5 16 
~ - ~~ 

3 (run 47)  _._ 0 794  240 432 2 4 5  4 4 1  2 46 443 262 4 7 1  267 48 1H e  
5. 5 6 ~

1 
208 3 7 5  2 1 9  3 9 5  236 424 254  458 275 495 

9 .  5 156 280 1 8 5  333  238 1 2 9  258 464 282 507 

16 9 1  1 6 3  1 4 1  253  237 426 258 465  287 5 16 

23 53 96 1 1 3  204  234  12  1 257 463  288 5 19  

42 59 107  9 3  167 233  120  263 473 298 537 

272 36 6 5  6 2  148  20  1 362 263  473 30 1 5 4 1  
~ - ~~ 
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TABLE VI. - COMPARISON OF ACTUAL 

AND IDEALIZED INTEGRATED HEAT 

FLUX FOR HELIUM-PURGED MLI 

s y s 
tem 

I J / m 2  I Btu/ft2 J / m 2  Btu,/ft2 

1 9 . 4 ~ 1 0 ~  8 .3  7. 4x104 6. 5 

2 	 9. 4 8. 3 7. 7 6. 8 

3 16.8 14. 8 4. 7 4. 1 
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.Helium purge Dacron 
manifold Tank wail-, 

\ !
I\\’,fabric 

.,-Purge bag 

Detail A 
/ 

Velcro 
fastener 

,-0.013-cm (5-mil) 
Aclar plastic f i lm 

Fiber glass mat 2’::
/ 

,-Butt joint between M L I  panels 

Detail A 

/
/ 

,-Outer-blanket multi layer insulation 

_,-Inter mediate-blan ket multi layer insulation 

,-	Inner-blanket multilayer insulation 
(10 radiation shields and n ine  
spacers per blanket) 

Figure 1. - Installation of multilayer insulat ion (MLI) system o n  cyl indrical calorimeter. 

Teflon button 

- Dacron net 
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D 

Circumference approx. 2.5 m (100 in.) 

7


I:0 
0 0 0 0 0 0 0 0 0 0 0 43.82 cm (17.25 in. ) 

( c l o o o o o o o  0 0 0 0 0 0 0  0 0 0 0  0 0 0 0 0  
~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

m 2 2 . 8  cm (9.0 in. typical
0 

a 8 cm (9.0 in.) typical 

0 
 KTeflon button 
O d l o  0 0 0 0 0 0 0 0 0 : I= / Middle panel 77.5 cm (30.5 in.3
0 d l o 0 0 0 0 0 0 0 0 0 

0 


“ 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0  0 0 “\o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
cI1 Teflon tab 
0 0 0 0 0 0 0 0 0 0 0 o 
0 Lower panel 
0 

0 0 0 0 0 0 0 0 0 0 0 
0 


P 

0 


D 

0 0 0 0 0 0 0 0 0 o1 0 0 0 0 0 0 0 0 0 

‘KIPer 
0 

panel 
0


~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 
0 0  0 0 0 0  0 0 0 0  0 0  0 0  0 0  0 0 0 0 0 0 0  0 
0 


0 0 0 0 0 0 0 0 0 0 0 0


0 

0 Middle panel 


0 0 0 0 0 0 0 0 o o o
0 

0 


0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0  0 0 0  0 0 0 0 0 0  0 0 0  0 0 n o  0 0  0 0  0 0jo Lower panel 

0 


0 


D 

n 

69.2 cm (27.25 in. ) 

o
-7

O 69.2 cm (27.25 in.) 
0 


0 


0 


0 


-=i

77.5 cm (30.5 in. 

o 

c1 


0 


0 


(c) Outer blanket. 

Figure 2. - Multi layer insulation blanket configuration. 
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/-Helium purge manifold, 0.95-cm (0.375-in.) 
outside diam by 0.087-cm (0.035-in. wall 
stainless-steel tube 

,/-Two 1.3-cm (0.5-in.) thick layers of fiber glass 
,/ mat sewn together to form 1.9-cm (0.75-in.) 

,-0.005-cm (Z-mil) Mylar purge bag 

,-Polyurethane foam standoff, 2.5 cm (1in.) 
square by 1.9 cm (0.75 in.) long 

0.95 cm (0,375 in. ) 

Tank wall 

Figure 3. -Modifications to fiber glass sublayer for multilayer insulation system 2. 
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Longitudinal 
butt joint 7, 

\ 

L	Circumferential 
butt joint 

d 


(a) Typical of lacing panels into blanket assembly.
Longitudinal 
butt joint 
( inner blanket) -.__ 

(b) Typical of lacing of one panel on adjacent inner  blanket. 

Figure 4. -Typical lacing for blanket assembly and installation. 
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C-71-1233 

(a) Front view. (b) Back view. 

Figure 5. - Completed foam sublayer installed on cyl indrical calorimeter. 
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, O )  diam 

Bakelite 

~ 

( 7  

I 
4

76.2 (30.0) diam 

Section A-A 

Figure 6. - Doublequarried cylindrical calorimeter. Dimensions are in centimeters (in. ). 
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Mass-flow meters 
0.069-N/cm2 (0.IO-psi) AP gages 

Constant-temperature oven -, 

I- 51-cm W i n . )  diam o i l  

double-guarded calorimeter 

Figure 7. - Final schematic of test facility and major control systems. 



I 

,-ThermocouDle oattern
i location (typical three//--,\1angular locations) 

Interstitial pressure tubes 

Fiber glass mat sublayer 

Inner-blanket M L I  

Intermediate-blanket M L I  

Outer-blanket M L I  

7 Purge bag 

(a) Top view of insulat ion assembly. 

y-	 Interst i t ial  
pressure tubes 

7rM L I  blankets 

17Thermocouple 
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Figure 8. - Instrumentation location. 
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Figure 9. - Schematic of tubulated interst i t ial  pressure transducers. 
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M L I  system Run 
.-e- Aluminized MylarlDexiglaslfiber glass 1to 9 
-+-Aluminized Mylarlsilk netlfiber glass 18 to 26 

A Aluminized MylarlDexiglaslfoam 38, 40 
Solid symbol denotes data obtained just pr ior  to t ransient test 
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Figure 12. - Steady-state heat f lux as fund ion  of chamber pressure for gaseous nitrogen multi layer insulation 
purge. 
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Solid symbols denote data obtained just pr ior  to o r  after transient test 
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Figure 14. - Comparison of calculated and experimentally determined temperature profiles and ground-
hold conditions for multi layer insulat ion (MLI)  system 1. 
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Figure 15. - Thermal conductivity of polyurethane foam sublayer. 
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Figure 16. - Pressure as function of time for aluminized MylarlDexiglasslfiber glass sublayer insulation system. MLI  nitrogen-purged, 
sublayer helium-purged for ground hold; r u n  10. 
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Figure 17. - Transient heat flux for aluminized MylarlDexiglaslfiber glass sublayer insulation 
system. M L I  nitrogen-purged, sublayer helium-purged for ground hold; r u n  10. 

56 


-.-,-.. 1~~-1.1.1-1.11111.1.1.1111...1111111 1111. 11111I11II11 111111111111111 I 111111 111111111 I I  I I I 1111111111 11111 I II II I 111 I I I I I  I I I l l  




0 Transient MLI interstitial pressure (run 10) 
-9- Steady-state chamber pressure 

103 


100I I I l l 1  I I I I I  I I l l 1  I I l l 1  I I I I I  I I d I I l l 1  I u 

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 


Pressure, torr 


Figure 18. - Heat flux as function of pressure for aluminized MylarlOexiglaslfiber glass sublayer insulation system. MLI nitrogen-purged, sublayer 
helium-purged for ground hold. 
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Figure 19. - Pressure as function of time for aluminized My lark i l k  nettinglfiber glass sublayer insulation system. M L I  n i t rqen-pu rged, 
sublayer helium-purged for ground hold; run 27. 
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t 0 Transient M L I  interstit ial pressure, run- 27 
0 Steady-state chamber pressure 

Pressure, t o r r  

Figure 21. - Heat f lux as function of pressure for aluminized My lark i l k  nettinglfiber glass sublayer insulation system. MLI nitrogen-purged, 
sublayer helium-purged for ground hold. 
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Figure 22. - Pressure as funct ion of time for aluminized MylarlDexiglaslfiber glass sublayer insulat ion system. Helium-purged for ground 
hold; run 13. 
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Figure 23. -Transient heat f lux for aluminized MylarlDexiglaslfiber glass sublayer insulation 
system. Helium-purged for ground hold; r u n  13. 
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Figure 24. - Heat f lux as function of pressure for aluminized MylarlOexiglaslfiber glass sublayer. Helium-purged for ground hold. 
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Figure 26. - Transient heat flux for aluminized Mylarlsilk nettinglfiber glass sublayer insulation 
system. Helium-purged for ground hold; r u n  37. 
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0 Transient M L I  i n te rs t i t i a l  pressure against 

measured heat f lux, run 37 
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Figure 27. - Heat f l u x  as func t i on  of pressure for  a luminized M y l a r k i l k  nett ingl f iber glass sublayer i nsu la t i on  system. Hel ium-purged 
for g round  hold. 
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Figure 28. - Pressure as function of time for aluminized Mylar/ 
Dexiglaslfoam sublayer insulation system. MLI  helium-purged for 
ground hold; run  47. 
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Figure 29. - Transient heat f l u x  for  a luminized MylarlDexiglaslfoam sublayer i nsu la t i on  system 
M L I  he l i um-purged  for g round  hold; run 47. 
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- Integrated heat flux as function of t ime for helium-purged multilayer insulation systems. 
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Figure 31. -Ana ly t i ca l  model for edgewise evacuation of mult i layer insulat ion.  
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(b)  Spherical mult i layer insulat ion panel. 

Figure 32. - Mul t i layer  insulat ion panel conf igurat ions ut i l ized for vent ing analysis. 
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 Test tank configuration 
Dashed curves denote sphere 2.10 m (6.88 ft) i n  diam 
Data points denote cylinder 0.76 m (2.50 ft) in diam 

Multilayer insulation 
outgassing rate, 

torr-liter torr-liter
X )(ift2)(sec)) 

Saturn V ascent 
pressure profile J 

Figure 33. - Interstitial pressure decay for various outgassing rates within gaseous-nitrogen-purged multilayer insulation. Purge gas 
temperature, 79.5 K (143' R). 
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Figure 34. - Interst i t ia l  pressure prof i le across width of 
mult i layer insulat ion panel in plane of maxim m in te r 
stit ial pressure. Ambient pressure (1.82~10-tt o r r )  
corresponding t o  300 seconds of Saturn  V ascent pres
sure  decay; gaseous ni t rogen purge at 79.5 K (143' R). 
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Figure 35. - Interst i t ia l  pressure profi le long length of mult i layer insulat ion panel in plane of maximum interst i t ia l  
pressure. Ambient pressure (1.82xIO-'torr) corresponding t o  300 seconds of Saturn  V ascent pressure decay; gas-
ni t rogen purge at 79.5 K (143' R). 
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F i g u r e  36. - Outgass ing rate for  several m u l t i l a y e r  i n s u l a t i o n  materials. 
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Figure 37. - Comparison of i n te rs t i t i a l  p ressu re  decay for gaseous-nitrogen- and hel ium-purged mult i layer i nsu la t i on  panels for  c y l i n d r i 
cal tank. 
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Figure 38. - Interstitial pressure demy within helium-purged fiber glass subkyer. Outgassing rate, 0; purge gas temperature, 49 K 
(88' R). 
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