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C h a r l e s  C. wood 

~ ~ ~ ~ / ~ a r s h a l l  Space F l igh t  C e n t e r  
H u n t s v i l l e ,  A l a b a m a  

THE TECHNICAL PAPERS PRESENTED i N  T H I S  S E S S I O N  S 

THE EFFORTS O F  U N I V E R S I T I E S ,  INDUSTRY, AND THE GOVE 

I N  DEVELOPMENT O F  CRYOGENIC TECHNOLOGY TO SUPPORT THE 

SHUTTLE PROGRAM. ALTHOUGH THE TOTAL SPECTRUM O F  CRYOGENIC 

TECHNOLOGY A C T I V I T Y  WILL NOT BE ADDRESSED I N  DETAIL,  THE 

LAST PAPER WILL S 

THE PAPERS PRECEDING I T .  



THE CRYOGEN TECHNOLOGY I S  

MAIN PROPULSION, AUXILIARY PRO 

O F  THE SPACE SHUTTLE VEHICLE. 

CRYOGEN U T I L I Z A T I O N  HAS BEEN DEVELOPED FROM GROUND BASE TECHNOLOGY PROGRAMS AND 

THE HIGHLY SUCCESSFUL MANNED SPACE FLIGHT PROG * f N  THE I N I T I A L  SHUTTLE 

TECHNOLOGY CONFERENCE AT THE LEWIS RESEARCH CENTER I N  J U L Y  1970, AN ATTEMPT WAS 

MADE TO ASSESS THE TECHNOLOGY STATUS AND ESTABLISH SUCH A BASE, THE AREAS OF 

CHART 2 WERE ADDRESSED I N  DETAIL BY THE SP ERS WITH EACH SPEAKER ATTEMPTING 

TO DISCUSS THE SUBJECT MATERIAL FROM THE STANDWINT O F  THE NATION'S CAPABILITY I N  

A PARTICULAR AREA CONTRASTED TO THAT WHICH MIGHT E X I S T  WITHIN H I S  OWN ORGANIZATION. 

THESE ASSESSMENTS ARE REPORTED I N  THE PROCEEDINGS O F  THE LEWIS CONFERENCE - NASA 

- 5 2 8 7 6  - VOL. V. 





T H I S  CHART ATTEMPTS TO SHOW QTJALITATIVELY THE TECHNOLOGY 

STATUS AS RELATED TO THE SPACE SHUTTLE PROGRAM. THE 

TECHNOLOGY HAVE BEEN SEPARATED FROM THE HARDWARE DESIGN 

AND MANUFACTURING ASPECTS.  WHILE SUCH AN ASSESSMENT MAY 

BE ARGUMENTATIVE, I T  I S  READILY APPARENT ,THAT A S I G N I F I C A N T  

TECHNOLOGY BASE DOES E X I S T ,  THAT ADDITIONAL EFFORTS ARE 

REQUIRED AND THE AREAS REQUIRING THE OR EMPHASIS ARE 

I D E N T I F I E D .  





SHUTTJAJ CRPOGEN PROGRN4 - -- 

THE TECHNOLOGY PLAN I S  SHOWN ON CHART 4 .  THE MANU AREAS 

FROM THE PRECEDING CHART ARE CONSOLPDATED FOR CONVENIENCE INTO 

THE F I V E  CATEGORIES SHOWN. THE SHUTTLE TECHNOLOGY REQUIREMENTS 

SHOULD BE MET BY EARLY 1973  WHICH I S  COMPATIBLE WITH THE 

SHUTTLE DEVELOPMENT SCHEDULE. THE TECHNOLOGY POSTURE I S  MORE 

FAVORABLE I N  SOME AREAS 

. I N  PROGRESS AT SHUTTLE 

THE SHUTTLE TECHNOLOGY 
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ORBITAL CRYOGENIC ACQUISITION AND TRANSFER 

This paper presents the results of Contract NAS8-21465, "Low Gravity Propellmt Control 
Using Capillary Devices in Large Scale Cryogenic Vehicles, " as  related to cryogenic ae.- 
quisition and transfer devices for space shuttle. Initially fluid dynamic considerations are 
discussed including settling, residuals, refilling, retenti~n~wicking,  spilling md venthg, 
Thermal conditioning problems centered on thermodynamic vent system cooling of capillmy 
devices and feedlines with consideration of destratification, wicking, liquid ecalilection and 
tank pressure control. Shuttle mission requirements a r e  then given with a discussion of 
kclnnology studies required to supplement fluid, thermal and structural des im i d o r m a t i a ~  
currently available in a design handbook prepared under the contract. 



LOW GRAVITY PROPELLANT CONTROL USING CAPILLARY 
DEVICES IN LARGE SCALE CRYOGENIC VEHICLES 

THERMAL ANALYSIS 

STRUCTURAL ANALYSIS 

3 

BENCH TESTING 

DESIGN HANDBOOK 



INTRODUCTION 

In orbiting spacecraft containing subcritical storage vessels, periods of orbital drag m d  

disturbing accelerations may position liquid away from the tank outlet. P r io r  to engine re- 
s ta r t  or  propellant transfer it is necessary to have liquid positioned over the outlet in order 
to effectively accomplish fluid transfer. 

Acquisition devices for controlling propellants prior to transfer come under two categories; 
partial orientation devices that control only a small percentage of the tank contents and 
total orientation devices that attempt to control all the propellant in the ta&, For k,he 
Contract NAS8-21465 study,partial acquisition devices were required for the S-IVC restat  t 
~niss ion and total acquisition was required for the LO2 tanker mission. 

Spacecraft low gravity restarts  have primarily been accomplished in the past through the 
use of linear acceleration to provide settling thrust with which to collect fluid over the 
outlet. This well proven techique introduces weight penalties and operationd ceonstrai~~i~s 
compared to more advanced methods of acquisition. These methods inc luk  positive dis-- 
placement devices such as  bladders, bellows and diaphragms, dieleetrophorelic deirices 
and ciypillary devices. 

Capillary devices a r e  particularly attractive because they a r e  lightweight, passive and 
introduce minimal operational constrain"c. These devices, while successful3iy applhlied i,o 
non-cryogenic propellant acquisition, have not been adequately studied for cryogenic fluid 
applications. Using cryogenic fluids introduces thermodynamic and heat transfer problems 
which greatly affect capillary control system design. 

The purpose of Contract NAS8-21465 was to ascertain the feasibility of using capillary de-- 
vices such as screens and/or perforated plates, for propellant control in lar, me s c d e  
cryogenic vehicles. 

T b  first phase of the two-phase program defined the thermodynamic and heat transfer 
problems associated with the use of capillary devices, derived methods for soliving these 
problems and selected promising propellant control schemes. This was predowina~~tly a, 
andyi;icd study with some low cost bench testing required to verify basic co~neepks. Based 
on the general results of the initial analytical and experimental effort, designs were 
developed for an S-IVC LK2 and LO2 tank res tar t  mission and an S-IIB LOX tanker propel-. 
lant transfer mission. Promising capillary control designs were compared with other 
means of propellant control in order to ascertain the feasibility of using cwillary devices 
for propellant control i n  large-scale cryogenic vehicles. 

During the second phase of the study, Phase 1 rksults were used as a base for  an experi- 
mental/malytical program which examined the various problems in detail and developed 
design solutions. Techniques developed in Phase I wkre refined and expanded, A series ef 
bench tests were run with noncryogenic nuids to provide information with whieb to c:orrelaPe 
analytical models and develop empirical relationships where analytical models were not 
applicable. Second phase results were compiled in the form of a design hmdbook conraining 

useful fluid, thermal and s t r u c b a l  idormation, and ,a report  covering analgrkical exyeri- 
mental and design studies performed for the two missions. 

1281 



S-IVC RESTART lMSSION 

ission is a single restart  of a 60% f d l  S-IVC in order to propel a aft 
s into a transplanetary trajectory. The vehicle is basically an S-IVB with J-2s 

engines and high performance ins:dation. Total orbital heating is 2140 B t u / ~ r  (630 watts) 
iliSth 1300 B B ; ~ / H ~  (382 watts) in the\ common bulkhead area. 

Due to orbital drag,liquid will be positioned in the forward end of the tank. The objective 
0.5 a restart capillary device is to position liquid a t  the outlet in order to provide continuous 
aiqilrid flow until the thrust produced by this flow causes the main body of liquid to collect over 
!he xtlet ,  



J-2s ENGINES 



LO2 TANKER MISSION 

The tanker  mi s s ion  ha s  the objective of filling a n  S-I1 B LO2 tank i n  o rb i t  
f r o m  3 LO2 tankers .  F o r  orbi ta l  propellant  t r ans f e r  whe re  the l iquid 
flowing does not provide th rus t  to se t t l e  the  propel lants ,  a much  l a r g e r  
sur face  a r e a  i s  requ i red  f o r  the  capi l lary  device. The propel lant  t r ans f e r  
device must  maintain continuous contact  with the l iquid i n  o r d e r  to prevent  
vapor f r o m  enter ing the capi l lary  device  and interrupt ing the  l iquid path 
to the feedline. 

The LO2 tanker i s  
insula tion l imiting 
The rnajor port ion 

a 21811(554 c m )  d iamete r  sphe re  with high pe r fo rmance  
boiloff to 8, 050 l b s  (3630 kg) during the  163-day miss ion ,  
of the t r ans f e r  occu r s  a t  3 x 10-5 gls with a scavenging 

acce r l e r a t i on  during the final seconds of t r ans f e r  of 6.5 x g l s  to 
n ~ i n i m i z e  res idua l s ,  



LO2 TANKER MISSION 

- d 
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CONTINUOUS LOW-GRAVITY TRANSF 
REQUIRED TO S-IIB LO2 TANK 



CAPILLARY RETENTION HEAD 

An importmt fluid parameter is the surface tension retention head capable of being held by a 
capillary barrier  in low gravity. The curves indicate that considerable hear can be contained 
under static conditions for the missions considered. Static conditions, however, a r e  not the 
criiical design conditions. For example, for the S-TVC the res tar t  period, where the accelera- 
tion is .337 g% and vapor is entering the capillary device to replace liquid flowing to the engine 
< L e t e ~ m i n e ~  capillary device sizing. For  the tanker mission the critical period is when the 
:xcLx is relatively empty and pressure drop of fluid flowing through the capillary device approach 
the surface tension retention pressure. 



LIQUID HYDROGEN HEAD OR TRAPPED VAPOR HEAD 
CONTAINED BY CAPILLARY VS. ACCELERATION 

2. LIQUID HEAD AND VAPOR 
HEAD ARE EQUIVALENT 

ACCELERATION (g) 



FLUID DUNAMIC CONSIDERATIONS 

Transfer time for a res tar t  case is determined by the time required for propellants to be rc 
or ienbd and to cover the engine outlet completely. Start basket volume is directly propor- 
I i ~ p - a a l i  to this collection time. Settling and collection predictions were attempted using both 
empiricd correlations and the MAC model for the S-TVC res tar t  case. 

- 6 
liiitiail fluid conditions were representative of a 10 g drag acceleration on an LH2 tank 60% 
4hB1 at 25 psia (172 K N / M ~ ) .  A 0.337 g acceleration representative of liquid flow to the engi 
was applied to the vehicle to induce settling. The empirical correlations indicated that 
setaiw would occur in approximately 3 seconds, while the MLAC model, for this case, 
indieabd that considerable recirculation and geysering would exist delaying collection to 
weil beyond this time. Implications of this analysis axe that for high Weber numbers in 
@>ices8 of 200, conventional means of predicting settling times yield optimistic values. For 
a Inore accurate representation of settling, a sophisticated numerical technique such as 
M C  o r  SURF is required to predict slosh decay 'and turbulent dissipation for high W e h r  
number conditions which exist in large scale vehicles such as  the space shuttle. These ,ri:- 
i c ~ o n s  a r e  required to determine capillary device volume and refilling provisions. 

For r e s t w t  capillary devices, screen selection depends upon several competing cri teria.  
The abilitly to res is t  adverse gravitational and impingement forces is directly increased py 
ckecreming pore size; refilling is hindered by such a decrease. Screen wicking promotes 
w e ~ i n g  of the capillary device; aiding thermal conditioning while detracting from filling and 
refaling. Flow ra tes  and liquid levels during res ta r t  and draining a r e  a complex f u n c ~ o n  
of screen sizes selected. 

B~rrapinge~ment velocities for penetrating a welted screen o r  perforated plate a r e  shown. 
rhcse veQocities a r e  found from &LAC model runs of liquid set.t;ling. If vapor cannot be pre- 
- ~ - e ~ ~ t e d  from entering the capillary device outer surfaces, deflector screens may be providec 
to repel vapor bubbles from entering the tank outlet. 

Screen wireking may be computed from the semiempirical relationship. Wicking fluid is 

used to replace liquid evaporated from the screen surface and thus prevent screen drying. 



VAPOR 
LlQUl D 

VELOCITY REQUIREMENTS FOR PENETRATION OF VAPOR 
OR LIQUID THROUGH A LH2-WETTED SCREEN OR PLATE 

1 0 0  
(30.5) -  RE^ OR 

RE ASSUMED 

I 
I 

JET VELOCITY (V FOR PENETRATION, FPS (MPS) 
VELOCITY (VLl F%R VAPOR PENETRATION, FPS (MI'S) \ 

(0.0305)1 I -- -A 
l o 1  1 0 2  1 0 3  104 

PORE SIZE OR OPENING (MICRONS) 



FLUID DUNAMlC CONSIDERATIONS 

During resttart, high accelerations a re  imposed upon the capillary device which tend to 
cause liquid spillage out of the capillary device. Screen drying due to vapor inflow will also 
promote liquid spillage from the capillary device during res tar t  when the capillary device 
i s  surroullded by vapor. A method was devised for preventing spilling, as shown, by making 
the pressure drop across the top screen greater than the head of liquid in the capillary device. 
ThTs makes the pressure inside tlle capillary device lower than outside tending to make vapor 
i n g ~ s t  thro~lgh the side of the capillary device. This ingestion can be prevented because 
surface tension forces will res is t  vapor penetration through the wetted screen. The opposite 
is not true; e .  g. , liquid cannot be prevented from spilling with surface forces because the 
~~vel$tng nature of the propellants used for space vehicles such as space shuttle causes the 
radius of curvature to approach infinity and the liquid retention pressure due to surface 
tension $0 approach zero. 

A gs~nera.1 program to predict spilling, vapor inge'stion, and vapor pullthrough in capillary 
devices during res tar t  was formulated using the results of the analysis illustrated in the 
failsswhg a ldys i s  and pullthrough correlations and screen flow equations obtained from 
Camair Aerospace I M D  programs. The program, INGASP, computes in time steps, for 
a given outflow rate,  the flow rates through the top and side screen which satisfy eonserva- 
tion sf volume and balancing of the pressure drops. Refilling of the capillary device due to 
eollecbd ifnrxid is  also considered in the calculations as  well a s  all possible liquid level 
ecsml~inations in the tank and capillary device. The cases considered include liquid level 
in the capillmy device both above and b l o w  the screened area  and no liquid initially in the 
device with liquid subsequently collected outside the capillary device and consequent refilling 
cdca~! ations. 

Rcsnduds were determined for the S-IVC case by analyzing the flow in the capillary deviee 
region d u r i q  draining using the DREGS2 computer program. This program using kchniques 
similar to lNGASP computes relative liquid levels and pullthrough in the capillary device 
as a l m c ~ o n  of liquid flow ra tes ,  acceleration, liquid and capillary device properties and 
tank and capillary device geometry. 



FLUID CONFIGURATlON FOR SPILLING Br VAPOR INGESTION ANALYSES 

SOLID 

i G  - HT MATER 

LIQUID W I L L  S P I L L  FROM 
CAP1 L U R Y  DEVICE 

& >  HS (SURFACE TENSION 
PRESSURE HEAD), VAPOR W I L L  

BE INGESTED INTO CAPILLARY 
DEVICE 

PL>O,  & > HS, NO FLOW W I L L  OCCUR 
AT THIS POINT 

P - 
Q 'SCREENED REG I ON 



BULK BOILING DURING TANK BLOVCTDOWN 

lrdrsrmatedisn necessary to size a surface-tension device properly for cryogenic propellant 
cora_kol includes propellant transfer time, outflow ra tes ,  gravity levels, and tank pressure. 
For applications where a surface-tension device is to be used, it is advantageous to hold 
tank pressure constant, thus eliminating vapor generation within the capillary device 
ed~xxed by tank pressure blowdown below the vapor pressure of the liquid. Results of an 
analysis to determine whether liquid boiling would be appreciable are  shown for LH2 tanks 
that are initially a t  25 psia (172 K N / M ~ ) .  Even a 2-psia (13.8 KN/M2) drop in liquid vapor 
pressure will generate substantial vapor. A large amount of bulk boiling is likely to cause 
v+por formation within the s tar t  basket. To minimize bulk boiling, a thermodynmic vent 
system will be operated during orbit to permit essentiaIly constant pressure venting. These 
results apply directly to space shuttle tankage and thus establish the need for a thermo- 
dyiimie vent system on the shuttle. 



GH2 VAPOR GENERATED WITHIN CAPILLARY DEVICE 
DURING TANK VENTING BLOWDOWN SEQUENCE 

n 4 

1. CAP1 LLARY DEVICE 1NilTIAL.LY 4 

Z 

F I L L E D  WITH LIQUID. I 

2. LIQUID COMMENCES BOILING 
A T  2 5  PSIA. (172 .1  K M ~ Z I  

PELLED FROM 
CONTROL VOLUME. 

VOLUME OF VAPOR 
4. LIQUID AND VAPOR AT 

GENERATED/CAPI LLARY 
SATURATION THROUGHOUT 

DEVICE VOLUME 

0.4-  

0.2 - 

1 5  (103.2) 20 (137.9) 
.-i 



S-IVC LH2 START BASKET 

Bceause of the inverted bulkhead design of the S-IVC LEI2 tank, liquid spilling was a major 
coi~sideration in determining the geometry and screen selections for the LH2 capillary 
device. The INGASP and DREGS2 programs were used to minimize spelling and vapor in- 
zestion, and liquid residuals resulting in the configuration shown. The top screen i s  
200 x 600 mesh while the side screen is 200 x 1400 mesh. Both internal deflectors and 
,-. p d L a l J ~ r ~ ~ g h  suppression screens a re  used to res is t  entrance of vapor into the outlet. The 
7jo'Ltime of the start basket is based on a ten second collection time for the main liquid pool, 
Thc surface area  of the device has been minimized for this volume in order to minimize 
weight md cooling requirements. 

Tlie design uses aluminum screen and an aluminuni skin-stringer support system. The 
phiiosophy in the structural design was to minimize deflections due to impingement loads 
and pressure gradients. The weight of the LH2 capillary device, including the thermal 
conditioning system, was approximately 400 lbS (1 80 kg). 



FUEL START BASKET GENERAL ASSEMBLY & 
DESIGN GROUND RULES 



S-IVC HEAT EXCHANGER SYSTEM SCHEMATIC 

Of m a j o r  importance in the design of capillary control devices for cryogenic fluids is the p r e  
vection of liquid evaporation in the capillary device. The design approach was to eliminate all 
vapor formation in both the feed line and capillary device for both missions considered. In 

I 

the case of a perfectly mixed tank fluid (no superheated gas) a t  constant pressure with capil- 
jary device fluid not in direct contact with the tank walls, no vaporization would occur in the 
capillary device. Under actual conditions, however, basket supports a re  required, tank 
mixing i s  "sot complete and tank pressure is not constant. The cooling capacity of a thermo- 
dynamic vent system may be used to prevent vaporization under actual conditions. The ob- 
~ e e t i v e  of the second phase thermal analysis was to perform detailed analysis and sizing of 
capi'ilmy device cooling systems for the S-NC restart  and LO2 tanker propellant transfer 
missions. For the S-IVC LH2 and LO2 tanks a thermal conditioning system as shown will 

utilized to cool the s tar t  baskets, engine feed lines and to maintain uniform tank pres- 
sures. 

Vented fluid is  throtaed to below tank pressure to create a AT for cooling the capillary 
devices md feedline. Cooling coils passing over the conditioned components cause tl.le 
Lk~rottled liquid to be vaporized and thus be vented in vapor form. Liquid inlet to the 
&rottling device is provided by capillary collector tubes placed along the tank wall penetrat- 

jL1ic wanin liquid mass in order to obtain sufficient cooling capacity to prevent vapor 
lormation within the LH2 capillary device and feed line. After cooling the capillary device, 
?rent fluid will then cool the feedline. Alternate design configurations use independent o r  
inkgrated pressure control vent systems downstream of the LH2 feed line. The vent Buid 

I is then used to cool the ID2 tank capillary device and control tank pressure in the LO2 
tank, with an exkrnal  coolillg configuration a s  shown. 



MEAT EXCHANGER SYSTEM SCHEMATIC 

WHEN INTERFACE SCREEN I S  
POSITIONED A T  ENGINE I N i - Q i ,  
HEAT EXCHANGER I S  DELETED 
& T H E  L INE ROUTED TO OXIDIZER 
TANK EXCHANGER 

START BASKET 
HEAT EXCHANGER THROTTLING ' 

REGULATOR 

TANK W A L L  HEAT EXCH. 



m2 TANKER 

The LO2 tanker propellant transfer capillary device consists of eight channels radiating from 
the outlet with a single channel connecting these eight channels at the equator. These channels 
are designed to maintain continuous contact with the main liquid pool which will be wall bound 
at the low gravity levels experienced during the orbital period. The reservoir over the outlet 
is to provide continuous liquid flov. in the event a disturbing acceleration temporarily positions 
the liquid away from the wall. 

This design was chosen in preference to a full liner configuration because the liner configura- 
tion ~8miot be cooled with the normal boiloff from the tank. For the channel-reservoir 
c;~afiguratiol~ normal boiloff rates can be utilized to prevent vapor formation in the capillary 
device because it does not project over the full surface area  of the tank. 



OXIDIZER TANKER GENERAL ARRANGEMENT & 
DESIGN GROUND RULES 

220 I N .  (558.8 CM) 

COVERED WITH 
SCREEN 

EXCH. BETWEEN 
COILS COLLECTORS & 

RESERVOIR MATERIAL :  2219-T62 A1 A LLQV 



LO2 TANKER COLLECTOR 

For the LO tanker, the higher ratio of capillary device area  to total tank area  makes the 
2 

thermal-conditioning system more difficult to design. Overcooling must be minimized if 
sufficient cooling capacity is to be available from the normal boiloff vent rate. Placing 
the cooIimng tubes inside the collection channels proved to transfer too much heat to the 
cooling channels. In order to minimize overcooling, the configuration selected was to 
place the cooling tubes outside the tank attached at discrete points along the collector 
channels and reservoir.  These discrete attachments correspond to the channel support 
10eations as  shown. A configuration of this type relies on mixing and wicking to prevent 
vap~&sr formation in the channel from heat incident on the bulk fluid side of the capillary 
device, Cooling was analyzed in a manner similar to that of the S-IVC LO2 tank. 

Tlse channel support structure consists of one drag strut  and two links pinned to the 
collector and welded to the tank wall. Perforated shear panels ca r ry  the load from the 
stringers to the support links. 



OXIDIZER TANKER COLLECTOR SUPPORT FITTING 
ARRANGEMENT 

ADJUSTABLE CORNER 0.060 IN. (0.1 524 CMI 
DRAG STRUT FITTING / PERFORATED BULKHEAD 

SUQP 
UNIT 

WALL  
FITTING 



EXPEWMEXTAL PROGRCSM - SCALE MODEL OUTFLOW, TESTS 

Experiments were run to determine screen capillary retention when subjected to heat trans- 
fer, spilling, vapor ingestion and draining of capillary devices, pullthrough suppression using 
szl een baffles, wicking rates in screens, and screen flow pressure drop. Experimentation 
ccnsistiing of non-cryogenic scale model bench testing was successful in providing correla- 
tions and verification of computer models and design techniques. 

A test article was designed to provide visual data for correlation with DREGS2 and INGASP 
ctazapzxter programs. A plexiglas tank and capillary device scaled from the S-IVC LH2 tank 
and capillary device were used to monitor liquid levels and vapor and liquid flow during sirnu- 
lated res tar t  and draining conditions. The test  set-up for the pentane and water tests  is show] 
schematically. Water and pentane were used as  the test  fluids and runs were visually rs- 
corded ovler a range of outflow ra tes  using a high-speed motion picture camera. Tests  were 
run initidly with no capillary device to obtain pullthrough correlations for the flow rate range 
32 be tested with the capillary device. 

Vapor ingestion and spilling tests runs were compared with INGASP simulation runs and 
residual k s t s  were compared with DREGS2 computer program predictions. On the basis 
ot sklceestsful correlation of the computer models with the test data, DREGS2 and INGASP 
were used to develop optimum configurations for the S-IVG LEI2 and LO2 tank capillary 
dc~riees. The programs are  written in general form in order to make them useful for a 
wide range of capillary res tar t  device configuratioi~s and flow conditions. 

O~t i ' l ow  k s b  were also performed in a cylindric& plexiglas tank to evaluate the effect of 
screens on re tardhg pullthrough during outflow. Screens were stretched across the b t t o m  
of the tank m d  sealed with gaskets. Several flow rates were run using water and Freon TF 
8 r~d  400 x 4-00, 165 x 1400 and 200 x 1400 screen and no screen, and recorded with high- 
sp.,(:d motion pictures. Pullthrough was experienced a t  a liquid level a s  high a s  .60 inches 
(1. i iS cms)with no screen over the outlet, using both water and Freon TF.  With screens 
paizced at heights varying from .23 to .30 inches ( ,584 to ,762 em) above the outlet, no 
pu%lLhrough was visually observable above the screen with either screen in place, using 
either fluid. This was consistent with calculations made using interface shapes during 
draining, screen pressure drop, and screen surface tension retention pressure. 



OUTFLOW TEST SCHEMATIC 

HROTT LE VA LVE 

ALL LINES 0.25 IN. (0.635 Ch4l 
EXCEPT MAIN OUTFLOW LINE 
WHICH IS 0.51N. (1.27 CM) l.D. MI&. 



WICKENG TESTS 

Wicking tests to simulate zero gravity wicking were designed to provide wicking rates for 
screens subjeeled to heating. The experimental apparatus shown allowed the penkne test  
f l u 4  to wick horizonklly along a screen attached to a main and guard heater. Heat input 
b the screen caused fluid which had wicked up to the heater screen junction to be evapor- 
atad!< The heat input required to dry  the screen just away from the heater was used to deter- 
mine the wicking rate of fluid along the screen by thermal malyzing the wicking apparatus 
to determine the evaporation rate of wicking fluid and then applying knowledge of the screen 
qeonietry to obtain the wicking velocity. Wicking data was also obtained by visual inspec~or i  
<:f Lhe advaneingliquid front in the screen as  a function of time. 

IVic~ing velocities were compared to predictive models previously, d i scussed  c o m p a r i s o ~ ~  
of Lhe wieking data obtained from these tests  with the predict ive mode ls  indicate that  the 
data varies widely from the models. This is eqec t ed  since screen flow data testing did not 
q r e e  with the models. Wicking data does not agree with screen flow data because the sereen 
f low data is for flow normal to the screen. The flow parallel to the screen is more restrie- 
f lva: than the flow normal to the screen. Equation (1) best represents the viscous nature of the 
flow with A, values given in the following table. 

For wicksing parallel to the warp wire a 30 x 250 screen was tested with Dow Corning 200 
Silicone 011 and a value of 755 was found for Aw. For the square screens evaluated (inelud- 
ing 400 x 400 mesh), no wicking was found. 

This idor;-riation can be used directly to predict wicking rates which will prevent screen b y - -  
ing wlien subjected to both distributed and local heat sources. 



WGKING TEST SET-UP 

AT 
POTENTIOMETER 



DESIGN HANDBOOK FOR CRYOGENIC CAPILLARY CONTROL DEVICES 

Based on the iraformation briefly summarized herein, a design handbook was formulated 
which consisted of parametric information, equations, principles and computer progr ms in 
order  $0 hy&odpamicaUy, thermally and structurally design large scale cryogenic capillary 
dcwi.ccs. 

f lj-drod>:-klaruni@ considerations such as  screen pressure drop, wicking, refilling, filling, 
seLtJ.iag venting, impingement and bubble dynamics are  discussed. The information pre- 
se1:ted in the design handbook is directly applicable to shuttle capillary device design. 

t i L ~ ~ ~ c  grrheiples of actively cooling capillary devices in large scale cryogenic vehicles a s  
shown in the design handbook a re  directly applicable to the shuttle vehicle. This includes 
'n *-!hi. to determine capillary device heat transfer coefficients, mixing requirements for de- 
~ t r  afificatisn, consideration of ullage pressure collapse' subsequent to engine shutdown, vent 
co i l  configuration and spacing to conserve cooling capacity while still subcooling the capil- 
I ct 51 ,.. d7 a device, feedline cooling principles, external and internal heat exchanger operation, 

i ~ q u  id collection channel sizing and vent system pressure drop calculations. Using this in- 
forrna~on in eionjunction with shuttle mission groundrules and conditions will allow efficient 
dcsigm of shuttle subcritical acquisition thermal conditioning systems. 

Ststletuiva.l eonsiderations which are  discussed are  methods of limiting capillary device 
iefleciiians, mhimizing capillary device weight and computing and handling forces due to 
i~n>ii~gcement loadkg and pressure drops. Subassembly procedures for large scale capillary 
dav:ces and methods of checkout and repair of devices a re  summarized. 



DESIGN HANDBOOK FOR CRYOGENIC 
CAPILLARY CONTROL DEVICES 

FLUID DESIGN 

OUTFLOW COMPUTER PROGRAMS 

SCREEN PROPERTES - GEOMETRY PRESSURE DROP, WICKiMG 

OPERATIONAL CONSIDERATIONS -- REF! LLING, FI LUNG, SETT UNG, VENTING, 
IMPINGEMENT, BUBBLE DYNAMICS 

THERMAL DESIGN 

AC"6VE COOLlNG DESIGN PRllNClPLES 

HEAT TRANSFER - CAP! L U R Y  DEVICES, FEEDLINES 

PRESSURE CONTROL - MIXING 

STRUCTURAL DESIGN 

LOADS - PRESSURE GRADIENTS, VIBRATION, ACCELERATION, DEFLECTIONS 

FABRICATION -- ATTACHMENTS, ASSEMBLY, CHECKOUT, REPAIR 



SHUTTLE TECHNOLOGY REQUIREmNTS 

As ;ndicated in previous slides, it is possible to design the shuttle vehicle using existing 
xeh 39og-y. This, however, requires a conservative design approach resulting in l e ss  than 
o,*;lr~raujr~ vehicle weight and performance. Additional technology studies a r e  thus recom- 
r~efidcd b increase capillary device versatility, reduce weight and improve performance by 
p2c ~ i d j r ~ g  information with which to reduce design conservatism. 

Zx ,r,;,c':d,tisn to the specific pressurization, res tar t  and propellant transfer considerations dis- 
c~tssed above for shuttle applications, the following technology investigations should be 
L idi?~U,ken. 

".a erder to predict low gravity destratification and resulting mixing velocity effects on the 
capillary device studies should be considered using drop tower testing and future orbital 
~zcperirnents~ As a foundation for this low gravity testing, normal gravity destratification 
md capii1a.s.y device-mixer interaction effects should be studied. 

A primary uncertainty in designing capillary devices is the settling and collection time during 
restart, before capillary device refilling occurs. For  large vehicles, such as the shuttle, 
tkis settling process involves high Bond and Weber Number reorientation flows. Analytical 
too?s, sueb as the MAC method, should be used in conjunction with experimentation to extend 
chollecljon time correlations into this range. Techniques for reducing settling time such as 
dsxd xmorle tllrlrusting or using anti-slosh baffles to collect fluid while damping out turbulence 
and "ligh anpli-tude recirculation should be investigated. In conjunction with these settling 
s l ~ d i e s ,  ez~~~ i f1ay .  device refilling with collected fluid should be studied using several different 
c~nligu-sc at-8sns such as wieking o r  non-wicking screens o r  refill valves. 

171, tL9 area of thermal conditioning, in addition to the mixing studies recommended above, 
su"cuscde prototype testing should be accomplished at normal gravity with subsequent low 
y{ravity orbital experimentation with full scale hardware. As an important part  of this 
b~i~serrnzJ conditioning study, feedline conditioning concepts such as  the use of an optically 
~ ~ n p e r v i o u s  baffle should be empirically verified. For  capillary device thermal conditioning, 
screen t ' i lerrnd conductivity determinations a r e  required. Wicking to prevent screen drying 
shoukd be investigated for screens of interest in addition to those tested in NAS 8-21465 
beach k s  ts , 

3abr;eaLiora studies should be initiated to establish practical methods of assembly, check- 
3uI, cleaning and refurbishment of large scale capillary devices for cryogenic applications. 
A typicz~l device should be built and cycled in a simulated shuttle environment to demon- 
sir ate reusabiliv and ease of checkout. 



TECHNOLOGY REQUIREMENTS 

LOW-6 RAVl BY DEST RAT1 FI CAT1 ON 

SETTLlNG & CAPILbARY DEVICE: REFlbBLIING 

THERMAL CONDITIONING , 

% 

FABRICATION 



SUMMARY 

CAP\ L M R Y  DEVl CES ARE AN ATTRACTIVE MEANS OF PROPELUNT 
CONTROL FOR U R G E  SCALE CRYOGENIC VEHICLES. 

DESIGN HANDBOOK RESULTS PROVlDE STATE OF THE ART 
CRYOGENIC CAPILLARY DEVICE DESIGN PRINCIPLES, 

WORK IN THIS  AREA SHOULD BE CONTINUED IN THE AREAS 
IN131CATED TO INCREASE SHUTTLE EFFICIENCY AND RE- 
USABILITY. 



"ZERO GRAVITY INCIPIENT BOILING HEAT TRANSFER" 

T H E  UNIVERSITY O F  MICHIGAN 

TECHNICAL MANAGER 

J. W. L I T T L E  

MARSHALL SPACE FLIGHT C E N T E R  
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Another way o f  v iewing the r o l e  o f  body fo rces  i s  t o  express the  non-boi l ing r e s u l t s  i n  

terms o f  the standard dimensionless parameters - Nussel t  versus Rayleigh number as i n  Fig. 10. 

The upper data and c o r r e l a t i o n s  apply t o  upward f a c i n g  surfaces a t  a/g = 1, and the  lcwer data 

apply t o  the simulated zero g rav i t y .  I f  convect ion were t o t a l l y  lack ing,  t he  Nussel t number 

should have a value o f  one, Such i s  n o t  t he  case. However, t he  i n f l uence  o f  convect ion i s  

reduced by an order  o f  magnitude. A l i n e  w i t h  a s lope o f  1/4, which i s  genera l l y  representa- 

t i v e  o f  laminar type f lows, i s  drawn through the s imulated zero  g r a v i t y  po in ts .  I n  the inver ted  

p o s i t i o n  the superheated l i q u i d  stays adjacent  t o  the  surface, and once the  i n i t i a l  nuc lea t ion  

occurs the vapor completely f i l l s  t h e  convect ion s h i e l d  space, t e m i n a t i n g  the  tes t .  



0 94 Pol. S.S. Upvards Yes 

@ 140 Pol. S.S. Upvards No 

O 141 Pol. S.S. Upvards No 

0 147 600 G i l t  S.S. Upwards No 

37 Pol. S.S. Downwards Yes 

W 46 POI. S.S. Dovnvards Yes 

Simulated Zero Gravity V 146 pol. S.S. Downwards Yes 

5 147 600 Grit S.S. Dohnwards Yes 

Figure 10. Natural Convection Heat Transfer to W2. 



The I n i t i a l  nucleation points f o r  a l l  of t he  t es t s  conduc"sed a r e  p l o t t e d  i n  F i g ,  1 1 ,  as  hea t  

f l u x  versus the hea te r  su r face  superheat, and as m igh t  be expected f a l l  on t he  n a t u r a l  convec t ion  

c o r r e l a t i o n ,  Data w i t h  LH2 a re  on the  l e f t  s i d e  and w i t h  LN2 a r e  on t h e  r i g h t .  The r e s u l t s  f o r  

t he  s imulated zero  g r a v i t y  w i t h  LN a r e  a l s o  inc luded,  and i n d i c a t e  t h a t  i n c i p i e n t  n u c l e a t i o n  de- 
2 

pends p r i m a r i l y  on t he  hea te r  su r f ace  superheat, and n o t  on hea t  f l u x .  Corresponding s imulated 

zero g r a v i t y  t e s t s  were at tempted w i t h  LH2, bu t  were d i scon t i nued  when i t  became apparent t h a t  an 

undue investment i n  t ime  would be requ i red .  I t  was f e l t  t h a t  t he  r e l a t i v e  behav ior  would be t h e  

same as f o r  LN2. 

The technique j u s t  descr ibed we c a l l  s imu la ted  zero  g r a v i t y  t e s t i n g .  I t  i s  d e s i r a b l e  t o  

determine i f  t h i s  p rov ides  r e s u l t s  r e p r e s e n t a t i v e  o f  t r u e  low g r a v i t y ,  The o n l y  means f o r  o b t a i n -  

* - in< reduced g r a v i t y  a t  reasonable c o s t s  was t he  drop tower, wh ich  g ives  1-5 seconds depending on 

he igh t .  The s.teady s t a t e  procedures descr ibed  above requ i r ed  about 1 hour f o r  each t e s t ,  and so a 

t r a n s i e n t  technique was adopted i n  c o n j u n c t i o n  w i t h  a drop tower. 



N& Surface O r i e n t a t i o n  Observations 

1 Polished S.S. Upward 6 
2 Polished S.S. Downward 4 
) 600 G r i t  S.S. Upward 3 
4 600 G r i t  S.S. Downward 5 
5 Polished Cu Upward 1 
6 630 G r i t  S.S. Uplard 3 
7 Polished S.S. Upward 7 
8 Polshed S.S. V e r t i c a l  4 
9 280 G r i t  S.S. Upward 3 

10 280 G r i t  S.S. V e r t i c a l  3 
11 Teflon Upward 4 
12 Polished Cu Upward 4 

13% 600 G r i t  S.S. V e r t i c a l  3 
14 600 G r i t  Cu Upward 5 

*Different sur face  then j, 4, and 6 

C) /+-Range of ATs 

lndlv ldual  Observations F e l l  Along x t h e  Natural  Convection C o r r e l a t i o n  

Shown. The range of Heat F luxes  I Observed i s  not Shown. -1 I / I 
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F~gure  12. Drop Twer Elevation, 
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5.0 1 I INDEPENDENT A 

= 1 ATMOSPHERE 

0 

BELAY TI ME-? -SECONDS 

Figure 16. Delay Time y. Platinum Wire i n  LNp. 
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(9) Merte, Herman Jr., "Incipient and Steady Boil ing of Liquid Nitorgen and Liquid Hydrogen under 

Reduced Gravity", Technical Report No.7, ORA Report 07461-51-T. Heat Transfer Laboratory, 

Department of Mechanical Engineering, The University of Michigan, Ann Arbor, Michigan, Con-

tract NAS8-20228, Nov. 1970 0 
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INTRODUCTION 

In-orbi t  propel lant  t r a n s f e r  and t h e  t r a n s f e r  of l i q u i d s  bemeen 

containers  a s  i n  regenerat ive l i f e  support systems w i l l  be required for 

f u t u r e  space missions, The knowledge of both the  outflow charac ter is -  

t i c s  from a storage tank and the  subsequent f l u i d  behavior d u r i m  the 

f i l l i n g  of the  rece iver  tank i n  weightlessness w i l l  be required fo r  the 

design of e f f i c i e n t  t r a n s f e r  systems. 

The Lewis Research Center has been conducting an extensive program 

concerned with l iqu id  t r a n s f e r  i n  zsro  g rav i ty .  The majori ty of tlse work 

t o  date has been conducted i n  ground based f a c i l i t i e s  (2 and 3/10 second 

drop towers) and has d e a l t  with the  l i q u i d  outflow phase of f l u i d  trans- 

f e r  and more recent ly  wi th  f l u i d  behavior during inflow. This paper will 

review the  r e s u l t s  of these  s tud ies ,  concentrat ing on zero g rav i ty  liquid 

t r a n s f e r  between unbaffled cy l indr ica l  tanks having e i t h e r  f l a t  or hem%- 

spher ica l  ends. 



L I Q U I D  OUTFLOW 

The f i r s t  study of l iqu id  outflow was conducted severa l  yea r s  

ago and was e f f e c t i v e  3-n i l l u s t r a t i n g  some of the  b a s i c  problems 

which e x i s t .  The resu lcs  of t h a t  study can be seen i n  t h i s  f igure .  

Typical i n t e r f a c e  configurat ions during outflow a r e  shown f o r  a  f l a t  

bottomed cy l indr ica l  tank i n  weightlessness. The sketch a t  the  f a r  

l e f t  shows the  liquid-vapor i n t e r f a c e  configurat ion i n  an unbaffled 

tank a t  a  r e l a t i v e l y  low outflow ve loc i ty  a t  the  i n s t a n t  of vapor in-  

gestion i n t o  the  tank o u t l e t .  Note t h a t  a t  t h i s  ve loc i ty ,  a  l a rge  

quant i ty  of l i q u i d  remains i n  the  tank a s  res idual .  Increasing the  

outfEo'ci7 ve loc i ty ,  a s  i n  sketch two, caused an increase i n  l i q u i d  re -  

s i d u a l ,  The remaining three  sketches show i n t e r f a c e  configurat ions 

in baff led  tanks a t  e s s e n t i a l l y  the  same outflow veloci ty .  I n  each 

case, proceeding from l e f t  t o  r i g h t ,  progressively smaller Liquid 

residuals occurred. For example, inc lus ion of a  d i s c  shaped b a f f l e  

above the tank d ra in  increased draining t i m s  and reduced res idua l s  

over those obtained i n  the  unbaffled tank a t  comparable flow r a t e s .  

Addntion of a b a f f l e  over the  pressurant  gas i n l e t  increased the  

drain time and reduced the  Liquid res idua l s  s t i l l  f u r t h e r .  The addi- 

tion of both b a f f l e s  i n  the  tank incorporated the  b e s t  f ea tu res  of 

each and was responsible f o r  even g r e a t e r  improvement i n  reducing 

res idua l s  and increasing draining time, 



3utlet velocity, 
291 cent imeters 
p r  second; ex- 
pelled liquid, 47 
cubic centime- 
ters. 

Outlet v e l ~ i t y ,  
1@8 cent imelers 
per second; ex- 
pelled liquid, 
18.7 cubic centi- 
melers. 

Out let velocity, 
1330 centimeters 
per second; ex- 
pelled liquid, 26 
cubic centime- 
ters. 

Outlet velocity, 
1427 centimeters 
per second; ex- 
pelled liquid, 32 
cubic centime- 
ters. 

Outlet velocity, 
1% centimeters 
per s ~ o n d ;  ex- 
plied liquid, 45 
cubic centime- 
ters. 

Typical i n te r fxe  csnf igurdion dur ing outflovv from cylindrical tank in weightlessness. 



The next study inves t iga t ed  the  d i s t o r t i o n  of t he  l iquid-vapor 

i n t e r f a c e  during dra in ing .  The r e s u l t s  a r e  shown i n  t h i s  f i g u r e  where 

d i s t o r t i o n  parameter i s  p l o t t e d  a g a i n s t  outflow Weber number. Vm i s  

the mean l iquid-vapor i n t e r f a c e  v e l o c i t y ,  which from con t inu i ty ,  i s  

simply t h e  a r ea  r a t i o ,  A0/LiT, t imes the  l i q u i d  v e l o c i t y  i n  t he  o u t l e t ,  

V i s  the  l iquid-vapor  i n t e r f a c e  v e l o c i t y  a t  t he  tank c e n t e r l i n e .  Of 

course,  i f  the  l i q u i d  r e t a i n e d  i t s  equi l ibr ium hemispherical  shape dur- 

ing dra in ing ,  V would equal  Vm and the  d i s t o r t i o n  would be zero.  Un- 

f o r t u n a t e l y ,  t he  i n t e r f a c e  d i s t o r t s  during d ra in ing  i n  weight lessness  

and the  d i s t o r t i o n  parameter i nd ica t e$  the  magnitude of t h a t  d i s t o r t i o n ,  

The d i s t o r t i o n  parameter was found t o  increase  t o  a  maximum of about 

0,27 a t  an  outflow Weber number of 2 ,  remaining a t  t h i s  maximum value  

f o r  a l l  higher  va lues  of t he  Weber number. The da t a  shown i s  f o r  

i n i t i a l  f i l l i n g s  of 3 tank r a d i i .  Addit ional  da t a  showed t h a t  t he  

d i s t o r t i o n  parameter increased  a s  t he  i n i t i a l  l i q u i d  f i l l i n g  decreased. 





The vapor i nges t ion  phenomena i n  weight lessness  can be descr ibed 

by the use of t h i s  f i g u r e .  During tank d ra in ing ,  t h e r e  e x i s t s  a  time 

when the cen te r  of t h e  l iquid-vapor  i n t e r f a c e  ( d i r e c t l y  above the  tank 

outlet) i s  suddenly and r ap id ly  acce l e ra t ed  toward the  tank o u t l e t .  As 

previously noted, the  l iquid-vapor  i n t e r f a c e  i n  a c y l i n d r i c a l  tank i s  

hemispherical  p r i o r  t o  tank dra in ing .  During d ra in ing  the  i n t e r f a c e  

d i s t o r t s  from t h i s  conf igura t ion ,  bu t  t he  l i q u i d  sur face  a t  t h e  tank 

c e n t e r l i n e  moves a t  a  cons tan t  v e l o c i t y  (implying constant  d i s t o r t i o n )  

u n t i l  t he  i nc ip i ence  of vapor i n g e s t i o n  and then  moves r ap id ly  toward 

the dra in .  The c r i t i c a l  he ight  i s  def ined  a s  t he  he igh t  of l i q u i d  

above the  d r a i n  a t  t h i s  time. 





The results of an investigation of the vapor ingestion phenomena 

%n weightlessness are shown in this figure. The ratio of critical 

height to tank radius is plotted against an outflow Weber number. The 

correlation shows that the critical height increases with the outflow 

Meber number according to the empirical equation shown. No variation 

w i t h  initial filling was found. 





Prom t h e  da t a  obtained i n  t h e  vapor i n g e s t i o n  s tudy ,  it i s  

poss ib l e  t o  p r e d i c t  l i q u i d  r e s idua l s .  Values of l i q u i d  r e s i d u a l s  were 

determined by using the  dra in ing  time t o  vapor i n g e s t i o n  and t h e  ouk- 

flow r a t e .  This  volume was sub t r ac t ed  from t h e  i n i t i a l  l i q u i d  volume 

t o  g ive  l i q u i d  r e s i d u a l s .  The r e s u l t s  of t hese  ca l cu la t ions  a r e  

s h m n  i n  t h i s  f i g u r e  a s  r e s i d u a l  f r a c t i o n s  versus  outflow Weber number, 

The r e s i d u a l  f r a c t i o n  i s  def ined  a s  t h e  r e s i d u a l  l i q u i d  volume divided 

by the  i n i t i a l  l i q u i d  volume. Resul t s  show t h a t  t he  r e s i d u a l  f r a c t i o n  

inc reases  w i t h  inc reas ing  Weber number 0 v e r . a  narrow range,  Above a  

Weber number of about 25,  t h e  r e s i d u a i  f r a c t i o n  l e v e l s  o f f  a t  a  maximum 

value  of about .70. This  l e v e l i n g  of f  i s  p r imar i ly  due t o  t h e  i n t e r -  

face d i s t o r t i o n  during dra in ing;  j u s t  a s  t he  d i s t o r t i o n  parameter 

leve led  o f f  so  d id  the  r e s i d u a l  f r a c t i o n .  





CONCLUSIONS 

lChe r e s u l t s  of t hese  zero  g r a v i t y  s t u d i e s  of d ra in ing  from c y l i n d r i -  

c a l  tanks having f l a t  ends can be summarized a s  follows: 

1. Direc t  impingement of t h e  pressurant  gas  on the  l i q u i d  

vapor i n t e r f a c e  inc reases  t he  d i s t o r t i o n  of t he  i n t e r -  

face.  This  problem was a l l e v i a t e d  i n  p a r t  by p lac ing  a  

d i s c  shaped b a f f l e  over t he  p re s su ran t  gas  i n l e t .  This  

b a f f l e  was employed i n  obta in ing  a l l  t h e  outflow d a t a  

presented i n  t h i s  paper.  

2.  The l i q u i d  vapor i n t e r f a c e  d i s t o r t s  a s  a  r e s u l t  of t h e  

d ra in ing  process .  The magnitude of t he  d i s t o r t i o n  was 

found t o  be Weber number dependent, i nc reas ing  wi th  

Weber number over a  narrow range and then  achieving a  

cons tan t  va lue .  

3. C r i t i c a l  he ight  a t  t h e  i nc ip i ence  of vapor i n g e s t i o n  

was found t o  be a  func t ion  of outflow Weber number. 

A s  t h e  Weber number increased ,  s o  d i d  the  c r i t i c a l  

he ight .  The r e s u l t i n g  empir ica l  equat ion  is: 

2 .' \ 8  
- 'O - - 4000 - her\ 
2 R3 .,. i \. R J  I 

Liquid r e s i d u a l  were found t o  i nc rease  w i t h  outflow 

Weber number over a narrow range,  reaching a  cons tan t  

of '70% a s  t h e  Weber number exceeds 25. 
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LIQUID INFLOW 

A ske tch  showing the  inflow phenomena i s  presented i n  t h i s  f i gu re .  

I n  a tank i n i t i a l l y  void of l i q u i d  a t  t h e  i n i t i a t i o n  of inf low,  both 

s t a b l e  and uns tab le  f i l l i n g  can occur,  depending on inf low ve loc i ty .  

I f  the  inf low v e l o c i t y  i s  low enough, t h e  incoming l i q u i d  j e t  i s  s t a b i -  

l i z e d  by t h e  a c t i o n  of su r f ace  t e n s i o n  and t h e  l i q u i d  tends t o  puddle 

or  c o l l e c t  over the  i n l e t  a s  shown, r e s u l t i n g  i n  s t a b l e  inflow. Above 

a c e r t a i n  inf low v e l o c i t y ,  termed the  c r i t i c a l  inf low v e l o c i t y ,  t h e  in-  

coming l i q u i d  j e t  forms a  geyser  which moves ac ros s  t he  tank and i m -  

pinges on t h e  tank v e n t ,  r e s u l t i n g  i n  uns tab le  inflow. 

For tanks conta in ing  a  quan t i t y  of l i q u i d  a t  t he  i n i t i a t i o n  of 

inflow, a s i m i l a r  s i t u a t i o n  occurs.  The main d i f f e r e n c e  between the  

two cases,  t h a t  of an  i n i t i a l l y  empty tank and one which conta ins  some 

Liquid a t  t h e  i n i t i a t i o n  of inflow, i s  t h a t  t h e  incoming l i q u i d  j e t  

tejrlds t o  d i f f u s e  o r  spread i n  passing through t h e  l i q u i d  i n  t h e  par- 

tially f u l l  tank. As a  r e s u l t ,  t h e  formed geyser  i s  wider t han  i n  an  

empty tank and higher  va lues  of c r i t i c a l  inflow v e l o c i t y  a r e  obtained. 
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A form of the Weber number should d e l i n e a t e  between s t a b l e  and 

uns tab le  i n t e r f a c e  behavior.  A simple energy balance r e s u l t s  i n  tk 

var ious  forms of t h e  Weber number shown i n  t h i s  f i g u r e .  Vi,av i s  
\ 

the  average inf low v e l o c i t y  a t  t h e  i n l e t  l i n e  e x i t ,  7 i s  t h e  s p e c i f i c  

sur face  t ens ion ,  Ri i s  t he  i n l e t  r ad ius  and R j  t h e  r ad ius  of t h e  in -  

cornirlg l i q u i d  j e t  a t  t he  l i q u i d  vapor i n t e r f a c e .  R .  i s  i d e n t i c a l  t o  
J 

Ri f o r  the  case i n  which the  tank  i s  i n i t i a l l y  void of l i q u i d  and, 

thus, a l l  forms a r e  equiva len t  except  f o r  t h e  cons tan t .  This  cons tan t  

i s  a func t ion  of t he  v e l o c i t y  p r o f i l e  of the.  incoming l i q u i d  i n  t h e  

inlet a s  shown and may have a  va lue  of' 1 /2  t o  21'3 dependent on p r o f i l e  

shape, Unfortunately,  these  forms n e c e s s i t a t e  a  knowledge of t h e  in-  

corning j e t  r a d i u s  a t  t he  l i q u i d  vapor i n t e r f a c e  f o r  t h e  tanks p a r t i a l l y  

f u l l  a t  t he  i n i t i a t i o n  of inflow. The j e t  r ad ius  (Rj) i s  a  func t ion  of 

the angle of spread and i s  dependent on i n i t i a l  p r o f i l e  shape a s  w e l l  

as  je t  Reynolds number. For j e t  Reynolds numbers g r e a t e r  than  about 

1500 and uniform v e l o c i t y  p r o f i l e s ,  t he  j e t  has been experimental ly  

determined t o  spread a t  about 7' f o r  approximately 6 i n l e t  diameters  

and then a t  about llO. For Reynolds numbers between about 500 and 

2000 and i n i t i a l l y  pa rabo l i c  v e l o c i t y  p r o f i l e s ,  a  constant  spread angle 

o f  3' was found. Since l a r g e r  angles  of spread y i e l d  l a r g e r  va lues  of 

R. and, hence, l a r g e r  va lues  of the  c r i t i c a l  inf low v e l o c i t y ,  i t  should 
2 

be expected t h a t  optimum inflow t o  unbaff led c y l i n d r i c a l  tanks would 

occur when t h e  i n l e t  l i n e  shape was configured so  a s  t o  impart a  uni-  

form v e l o c i t y  p r o f i l e  t o  t h e  incoming j e t .  
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m e  f i r s t  study conducted t o  study l i q u i d  inf low t o  hemispherical  

ended cy l inders  i n i t i a l l y  void of l i q u i d  y i e lded  the  r e s u l t s  shown i n  

this f i gu re .  Average inf low v e l o c i t y ,  Vi,av, i s  p l o t t e d  a g a i n s t  t h e  

3 r a t i o  of s p e c i f i c  su r f ace  t ens ion  4, t o  i n l e t  l i n e  r a d i u s ,  R i a  The 
t 

s~raight l i n e  shown d e l i n e a t e s  between a  reg ion  of s t a b l e  and a  r eg ion  

3f uns tab le  i n t e r f a c e  behavior and i n d i c a t e s  a  Weber number c o r r e l a t i o n  

ex i s t s .  Since t h e  v e l o c i t y  p r o f i l e  shape of t he  incoming j e t  was not  

precisely known, a  c o e f f i c i e n t  midway between t h e  two extremes of 2/3 

and 162 was chosen. With the  va lue  of 7/12 ihus  chosen, the magnitude 
, 

o f  the c r i t i c a l  Weber number i s  1.5. 





The l o g i c a l  ex tens ion  of t h a t  study was an  i n v e s t i g a t i o n  of 

inflow t o  a  hemispherical  ended cy l inder  p a r t i a l l y  f u l l  of l i q u i d  

a t  the  i n i t i a t i o n  of inflow. The e f f e c t  of both i n i t i a l  l i q u i d  

height  and v e l o c i t y  p r o f i l e  i n  t he  i n l e t  on the  c r i t i c a l  inf low 

v e l o c i t y  i s  shown i n  t h i s  f i g u r e .  Average inf low v e l o c i t y  (Vi,av) 

i s  p l o t t e d  versus  dimensionless d i s t ance  from the  i n l e t  ( H ~ / D ~ ) .  

Hi i s  t he  he ight  of l i q u i d  above the  i n l e t  a t  t he  i n i t i a t i o n  of 

inflow and D i  i s  the  diameter of t he  i n l e t  l i n e ,  The s o l i d  l i n e  

shown d e l i n e a t e s  between reg ions  of uns t ab le  and s t a b l e  i n t e r f a c e  

behavior f o r  a  tank having an i n l e t  conf igura t ion  which provided 

the  incoming l i q u i d  j e t  w i t h  a  v e l o c i t y  p r o f i l e  which was n e i t h e r  

f u l l y  pa rabo l i c  nor uniform. The a c t u a l  d a t a  po in t s  shown were 

obtained f o r  t h e  same tank and t e s t  l i q u i d  b u t  w i t h  an i n l e t  con- 

f igured  so  a s  t o  provide t h e  incoming j e t  w i t h  a  uniform ve loc i ty  

p r o f i l e .  Note t h a t  f o r  any va lue  of Hi /Di ,  t he  c r i t i c a l  inf low 

v e l o c i t y  i s  h igher  f o r  the  l a t t e r  t e s t s .  This  e f f e c t i v e l y  i l l u s -  

t r a t e s  the  advantage of designing a n  i n l e t  so  a s  t o  provide the  

incoming l i q u i d  j e t  w i t h  a  uniform v e l o c i t y  p r o f i l e ,  





It i s  poss ib l e  t o  compare the  r e s u l t s  obtained f o r  the  uniform 

profile wi th  known experimental r e s u l t s  i f  t he  Weber number co r r e l a -  

tion i s  assumed. Weber number i s  p l o t t e d  a g a i n s t  dimensionless d i s -  

tance from the  i n l e t  a s  shown i n  t h i s  f i g u r e  and t h e  s o l i d  l i n e  shown 

d e l i n e a t e s  between s t a b l e  and uns t ab le  i n t e r f a c e  behavior.  The p l o t t e d  

Weber number d i f f e r s  from t h e  expected c r i t i c a l  Weber number only by a  

radius r a t i o  Ri /Rj .  It i s  thus  poss ib l e  t o  c a l c u l a t e  va lues  of Ri/R 
j 

requi red  t o  make the  magnitude of t he  c r i t i c a l  Weber number 1 .5 .  Know- 

ing R versus  w ~ / D ~ ,  t he  angle  of spread f o r  the  group of d a t a  can be 
j 

determined. The angles  thus  determined, a r e  7' and 11' agreeing wi th  

experiment va lues  previously c i t e d .  The v a l i d i t y  of t he  c r i t i c a l  Weber 

number developed e a r l i e r  i n  t h i s  paper i s ,  t h e r e f o r e ,  supported. How- 

ever ,  i t  should be emphasized t h a t  t he  p l o t t e d  da t a  does not  conclusively 

prove t h a t  the  c r i t i c a l  Weber number i s  t h e  c o r r e l a t i n g  parameter f o r  

i n f l o w  t o  p a r t i a l l y  f u l l  tanks s ince  tank and i n l e t  s i z e  were not  va r i ed  

i n  t h i s  s tudy.  More s t u d i e s  a r e  requi red  i n  which these  parameters a r e  

varied. However, should the  c r i t i c a l  Weber number be proven v a l i d  by a  

parametr ic  s tudy ,  i t  would be extremely va luab le  i n  p red ic t ing  c r i t i c a l  

i n f l o w  v e l o c i t i e s  a s  t he  tank f i l l s  and could be used t o  compute a  t h r o t -  

t l i n g  technique f o r  inf low t o  unbaff led hemispherical  ended cy l inde r s .  





CONCLUSIONS 

The r e s u l t s  of zero-gravity s tud ies  of l iqu id  inflow t o  unbaffled 

mylindrical tanks having hemispherical ends may be surmnarized a s  follows: 

1. Both s t a b l e  and unstable i n t e r f a c e  behavior e x i s t .  The 

s t a b l e  i n t e r f a c e  i s  characterized by a small l iqu id  

geyser which e i t h e r  remains a t  the  same height  o r  de- 

creases i n  height  wi th  respect  t o  the  lowest point  on 

the  l i q u i d  vapor i n t e r f a c e  during inflow. The uns table  

i n t e r f a c e  i s  characterized by a geyser which continues 

t o  grow i n  height  wi th  respect  t o  the  lowest point  of 

the  l i q u i d  vapor in te r face .  

2. A c r i t i c a l  Weber number based on i n l e t  l i n e  radius  and 

average inflow ve loc i ty  de l inea tes  between a region of 

s t a b l e  and unstable i n t e r f a c e  behavior f o r  a  tank void 

of l iqu id  a t  the  i n i t i a t i o n  of inflow. The magnitude 

of the  c r i t i c a l  Weber number i s  approximately 1.5, 

3 .  Velocity p r o f i l e  shape of the  incoming l iqu id  j e t  i s  

important i n  inflow. An incoming l iqu id  j e t  with a 

uniform ve loc i ty  p r o f i l e  permits the  h ighes t  c r i t i c a l  

inflow ve loc i ty  fo r  e i t h e r  empty or  p a r t i a l l y  f u l l  tanks. 

4, A c r i t i c a l  Weber number based on i n l e t  l i n e  r ad ius ,  

average inflow ve loc i ty ,  and l iqu id  j e t  radius  a t  the  

l i q u i d  vapor i n t e r f a c e  may be useful  i n  predic t ing  

c r i t i c a l  inflow ve loc i ty  t o  p a r t i a l l y  f u l l  tanks. 
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INTRODUCTION 

This  paper ,  "Recent Developnents i n  High Perfo?mance Insi.~l.stion *ge SysLess  
f o r  s h u t t l e  ApplJ c a t i o n s  ," represen-tr; t h e  contr.ii;utions of' t h e  fcllo;:icg 
McDonnell Douglas Ast ronaut ics  personnel  : G.  ~ r e d r i c k ' s o n  , D. %-&use, 
R e  n e v a t t ,  and ; , Navickas. The m a t e r i d  p r e s e l ~ t e d  shoirs :;one of  t h e  : ezsAts  
o f  two KDAC con t~ . ac t s  wi th  t h e  Marshall  Space :;light Center,  as welZ as ctk..er 
e m r e n t  IDAC s t u c i e s .  Ma te r i a l  r epo r t ed  by ot l lers  i s  a l s n  discussed,  

m e  scope of  t h e  ]?aper covers  t h e  mul t i - layer  xnsulat ion (b!L1)  r e q u i r e 6  op-, 
the O r b i t a l  Manet r e r ing  Propuls ion  Sys terii Tankclge of' t he  i Lr th  Orb i t i ng  S:?stl;l-e 
CraPt. S p e c i f i c a l l y ,  t h e  paper d iscusves  t h e  r equ i r ed  p rv t ec t ion  of. t t L r  
i n s u l a t i o n  dur ing  t h e  atmospheric f l i g h t  phase!; of  t h e  vehic ie  miss ioa ,  
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ECS CRYOGENIC T mrca REQUIRE MLI 

The f igure shows one of t h e  l a t e s t  t yp i ca l  high cross-range EOS confi  ions. 
The two Lmks of  i n t e r e s t  a r e  t h e  secondary hydrogen tank,  located d i r e c t l y  
beneath t h e  crew gompartment, and t h e  secondary oxygen tank mounted d i r e c t l y  
f o m w d  of  t he  ma in  engines. These tanks a r e  t yp i ca l l y  qui te  l a rge .  For 
ewmple, t h e i r  vcllume might; be compared with a 17-foot diameter sphere, hydrogenj 
ar? em 8-foot diameter sphere, oxygen. Both tanks require  MLI mounted on them 
~ , . a  order t o  achieve adequate propellant  s t o r ab l l i t y .  The other  tanks  shown, 
;358t and cru i se ,  a r e  of no concern here since they do not require  multi-layer 
-Y.~~sd&%ion,  

Yste the unusual configuration of t h e  hydrogen tank. Due t o  packagiag require: 
;qen$s, it has ne i ther  the  usual  cy l indr ica l  form nor t he  common spher ical  fo.m, 
1% Is recoe;raized t h a t  t he  configuration w i l l  go through many i t e r a t i o n s  before 
:in& design i s  se lected,  But, it should be not.ed t h a t  tank confi(guration can 
:ieuve E?: i ~ p o r t m t  impact on t h e  MLI i n s t a l l a t i ~ ~ n  method and t he  approach taken 
t o  p ro tec t  it during in-atmosphere f l ight . '  For example, attempting t o  make a 
Lae* wit lnAlhis  shape i n to  a double w a l l  dewar vould be c l ea r ly  impractical ,  





IN-ATMOSP MLI PRmCTION APPROACIIES 

Pro"Q;ee$ion of t he  .&%I i s  required during t h e  in--atmosphere phases of t h e  f l igh t .  
Gpcifiehll ly,  atmc.spheric const i tuents  such a s  water vapor and oxygen must be 
prevented Wcozn colldensing within t h e  insulat ion layers.  As shown i n  the  f i ~ s e ,  
Lhere w e  three   ternat ate systems which can be considered f o r  providing t h i s  , 

proteetion : t he  .~acuum j acket ; gaseous purge ; and self-evacuating . The vacxm 
Jacket i s  a hard irhell mounted over t he  MLI which is  evacuated on the  ground 
and throughout all portions of t h e  f l i g h t .  The gaseous purge concept provides 
protection by introducing a non-condensible gas such as  helium, o r  with p r o p r  
design, nitrogen ~ r i t h i n  t he  multi-layer sheets.  This gas i s  evacuated i n  soaee, 
%%e self-evacuatir-g concept t yp i ca l l y  u t i l i z e s  a gas (such a s  carbon dioxide) 
f i l l e d  beg c o n t a i ~ i n g  t h e  fiI. Upon tank cooling, t h e  gas s o l i d i f i e s  providisg 
8 vacum i n  t he  b ~ g .  

Each o f  these a l te rna t ives ,  a t  present,  requires  development. The vacuxun 
gacket requires a light-weight, r e l i ab lp  non-leaking outer s h e l l  with lox 
t h m d  ~ h o r t s .  The gas d i s t r i bu t ion ,  evacuating methodology aad hardware as& 
%he mador areas rc.quiring developmc?nt i n  %he gaaeous purge, The f l ex ib l e  non- 
Leak VBCUU bag i e  lseen as the  lnaJor obstacle t o  developing a sehf?.-evacu~tilag 
ayalam. 





TRADEOFF AISALYSES OF COFiPETlNG APPROACHES 

To provide a foun2ation fo r  se lec t ing  which system should be emphasi 
development work, weight t radeoff  s tud ies  have been underway within MI)AC, &&?A 
md industry.  Thb: f igure  shows a sketch of t h e  insula t ion configurations used 
for one of t he  MDAC s tudies .  Shown i s  t h e  vacuum jacket with i t s  hard she32 
and mdti-lwer i; .sulat ion mounted between it €ad  t h e  tank. The other  tm, 
:onfi@raJi.ions me gaseous purge ~pproaehes .  One i s  simply multi-layer 
in r sda t ion  on t h e  tank. This requires  an all-kelium purge on t h e  hydrogen tssk. 
The other eonfigwat ion i s  &LLI with a subs t ra te ,  t yp i ca l l y  a f o m  which i s  
aomted  e i t h e r  in ; ide  o r  outside t h e  tank w a l l .  The subs t ra te  allows the  use 
a f  a nitrogen pur,;e d u i n g  pre-l.aunch ground hold on t h e  hydrogen tank because 
the  fsm r a i s e s  t h e  temperature of t h e  inner-most sheet of insu la t ion  above 
the l iqs~ifcrction yoiut  of  nitrogen during t h i s  period. However, both configtxa- 
"f;ions r e q ~ i r e  t he  nse of a helium repressur izat ion system upon reentry  a s  t h e  
ou%er surface of t he  foam would be c lose  t o  t h e  tank propellant  temperature. 
On the hydrogen L r a k ,  t h i s  i s  below the  l i qu i f ac t i on  temperature of n i t rcgen.  
A non-substrate configuration i s  suitabl'e with a nitrogen purge on t he  oxygen 
tank s ince  t h e  l i txaifaction temperature of nitrogen is below t h a t  of oxygen. 
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MGI PROTECTION S Y S W  mIGH1' ESTLIMATES 

ma f i m e  shows %he resulting weights compute?. for a low cross-rmge orb 
eonbi@ration. I.t is recognized that the low cross-rage orbiter is no L 
a mtentid approach. However, analyses for a high cross-range vehicle, ohom 
a w l i e r ,  show the sane purge system weight trends except for re-entry. The 
vacum jacketed system was not investigated dut: to the odd confipation of 
the task which would clearly make this system :.mpractical. 

Sote  &hati the pur;ed systems are consistently lighter than their vacuum jacketed 
V ,wmherpmts, r '  Ths structural weight of the vacum shell was found to be 
a ".$"feientlg. large to outweigh its advantages. Therefore, although the a a l y s i e  
Y U P ~  be considerel as cursory, it can be concl~ded that the purged system 
c'?.cmly merits additional investigation at this time. 





m G E  AN3 REPRESSURIZATION SYSTEM DESIGN CONSIDERATBOlf[S 

This  f i g r e  shows t he  various purge operational  phases aad associated 
3csim eonsideraf,ions. The first phase is  e l u n a t i o n  of condensibles frsz 
within the insul~.t ion p r io r  t o  tank loading. The important design parcureters 
here are t he  des!.red end concentration of eondensibles ( t yp i ca l l y  one pe rcc r t ) ,  
he purge time, and purge bag leak areas where air can d i f f i s e  back i n t o  the 

F 2 g e  vc lwe.  P r e f i l l  hold i s  a period during which other  vehicle readiness 
>pers t ions  are being conducted, Here t h e  purge volume must be maintained at t h e  
~ T X B  level. of condensibles since t h e  back d i f fus ion  of air w i l l  attenrpt t o  
:ir,erease them, The most c r i t i c a l  period i s  tank f i l l  (chill-down), Here, t h e  - 
,us p r e s s u e  witbin the  purge volume must be maintained. A s  t h e  Lsnk i s  c u l l e d ,  
add i t iona l  gas must be supplied s ince  t h e  purge gas c h i l l s  and con t rac t s ,  
redtieing pressure. The required makeup flow i s  influenced by t h e  "c c h i l l  
rake, bag volunoe, and tank mass. Pos t - f i l l  is  similar t o  p r e - f i l l  hold where 
leaks xnuat be made up t o  maintain t h e  low l e v e l  o f  condensibles. There are no 
pwge r~o~uirementk during launch and o rb i t .  However, during r e e n t q ,  another 
critic& period i s  encountered. Here t h e  hydrogen tank purge volume must Ihs 
repressurized with helium (atmospheric const i tuents  o r  nitrogen would be 
condensed). But, it is  possible t h a t  at some point  during r e e n t q  t h e  outer  
s w f a c e  of  the  foam subs t ra te  would be at a teniperature su f f i c i en t l y  high t o  
d 1 0 w  the introduction 9f nitrogen. The important parameters here,  fronn the  
aesjgn stendpdint, m e  c l e c l y  t h e  bag volume, t h e  r a t e  of pressure increase on. 
Llze bag ex te r io r ,  snd t h e  insu la t ion  temperature d i s t r i bu t i on  history.. 





PURGE GAS MANIFOLJ) CONCEPTS 

W i s  f i&we shows several  concepts f o r  manif012 ing t h e  purge gas i n t o  t he  
i w s a a t i o n  as reported by General Dynaaics*. Four a l t e rna t i ve s  a r e  shown, "I'he 
first shoxe t h e  insu la t ion  covered with a purge bag. The gas i s  ducted i n t o  
Lha bag at one point ,  t he  bottom, and taken ou t  a t  t h e  top.  The second con- 
y9gw8tion shows & perforated purge bag act ing as a manifold mounted on %he 
tar&, The gas co.%es i n t o  t h e  bag and out through t h e  perforat ions  t o  percola te  
Ehrough the  insula t ion.  The t h i r d  configuration,  an external  manifold, has a 
?wLrix of gas d i s t r i bu t i on  l i n e s  i n s t a l l e d  over and on the  outside of t he  
insulation, Gas i s  in jected through purge pins i n t o  t h e  i n s d a t i o n  p m e l s .  

+ t i  
dlhe fourth rzpproirach i s  very similar t o  t h e  above external  manifold corlcepl, 
except here t h e  matrix of gas d i s t r i bu t i on  l i n e s  are mounted underneath t h e  
mJLf-layer insul3;tion within a foam subs t ra te ,  The gas i s  in jec ted  i n t o  t h e  
K ) b  in the s m e  mmner a s  with t he  external  max.ifold sjrstem. 

Cmogstaic InsuSl~tion Development, Second fluarterlgr Progress Report, ContraeL 
BAS 8-26129, Ger~ersl  Dynamics, Convair Aerospace Division Report, GDC 584-b -568, 
21 Deetmber 1970. 





EeJ%EGRAL MAnT3FOU DESIGN CONCEPT 

%%is f f g w e  shows a MDAC collcept f o r  manifolding gas i n t o  t h e  mul t i - lwer  
f n s d a z ~ o n .  Shown i s  an i n s t a l l a t i o n  adapted to a conical  tank supwbt ,  T5.e 
purge l i n e s  are Piberglas tubes bonded d i r e c t l y  i n t o  t h e  support stusctu-e.  
*The conr:epl has t h e  advantage of minimizing cor~ductive heat  t r a n s f e r  frcx Ysn 

e ~ e r i o r  i n t o  the  tank a rea  underneath the? insula t ion.  Additionally, 
ex is t ing  DC-8 Lec!mology can be used i n  fowninh; t he  f iberg las  tubes. I_I_s 
meahod aJ.lows fo r  design f l e x i b i l i t y ;  i n l e t  a n d  ou t l e t  l i n e s  can be run s i t e  
by' s ide as an i n t eg ra l  un i t  i f  required. The Cesign fea tures  low weight c i  
cost e 

8me t d l r ege  configurations r e q ~ ~ i r e  i n l e t  and a t l e t  l i n e s  run s ide  by s ide  
such as %he conical  support shown, Here t h e  dme  a rea  insula t ion i s  separated 
f i ~ m  tdh sidewall  by t h e  cone, Purge gas must be introduced i n t o  and t aker  
out frou t h e  dome a rea  while a t  t h e  same time. gas must be introduced uncier- 
neath %he insu la t ion  i n  t h e  s i d e w d l  area.  

For a o l ~ u t t l e  vehic le ,  which uses tubular  tank supports (some of t h e  recent 
eonfigarallons) , the support i t s e l f  might be used f o r  purge inle-ts, Shc\iLd 
*&his prove t o  be ladesi rable  o r  i f  addi t ional  l i n e s  a r e  needed, t h e  bonte2. 
biberglm l i n e  nethad shorn here can be used. 





P IONS 

A p W f c u l a r l y  intportant and d i f f i c u l t  asea encountered i n  purge design is 
tha t  of penetrat ions through t h e  insula t ion,  both piping and e l e c t r i c a l .  The 
f i g w e  shows a  ccnceptual design of insu la t ion  applied around a t y p i c a l  p i p -  
line, ?The insule.tion i s  mounted on a f iberg las  s h e l l  which is attached t o  t h e  
pipe a d  to %he tank. No attempt i s  made t o  i n su l a t e  t h e  pipe d i r ec t l y .  This 
&1l%3ids "dor pipe n~ovement which occurs upon tanlr chilldown due t o  t h e  t hem& 
eonlroe.i;ions. Also, t h e  open volume eliminates t h e  problem of leakage through 
the l i n e  j o in t s  and f i t t i n g s  i n t o  t h e  insula t ion,degradi~~g i t s  p6?rfomance. 
This open volume as well  a s  t h e  &GI i s  purged. 

The concept e l i ~ r r a t e s  d i f f i c u l t i e s  with attachment of the mdt i - l ayer  insula-  
t i on  over a e o q l e x  surface and f a c i l i t i e s  purging m d  attachment of t h e  pwge 
bag, This l a t t e r  item i s  formed i n  t h e  shape of a sleeve and clebmped t o  t h e  
outer end of t h e  f lberg las  insula t ion support ~ : t r u c t u r e .  





PURGE GAS EVACUATION CONSIDERATIONS 

U? to t h i s  point ,  a t t en t ion  has been given t o  ge t t ing  t h e  purge gas i 
i n s d a t i o n  and ge t t ing  t h e  condensibles out. I:owever, successful  operation 
of the purged concept requires  t h a t  t he  gases cntrapped within t h e  insu la t ioa  
be eevacugJited i n  a s  short  a time as  possible aM,er vehicle launch. Sp c i f i c a l l y ,  
t3e i n t e r s t i t i a l  gas pressure must be reduced l r l ow  approximately lo-' t o r r  
before the mulati-layer insuia t ion takes  on i t s  nigh performance propert ies.  

Eome of the important considerations i n  design of t h i s  evacuation system are  
ehc%rn in the figure.  A s  ircplied c.bove, t h e  i n t e r s t i t i a l  pressure h i s t o ry  i s  
%he main design c r i t e r i a .  The protect ive  cover over t h e  insula t ion (purge bag) 
should be open during launch but  closed during reentry.  This i s  impractical  
t o  do; consequently, evacuation vaives a re  required. It may a l so  be necessary 
to pre-condition the multi layer insula t ion by running a hot gas through it p r io r  
to f i l l ,  This reduces adhere2 gases whick,.outgas slowly a f t e r  launch 
increasing %he pr2ssure within t he  insula t ion.  , 

It Blso  appears des i rable  t o  perforF;te t h e  multi-layer insu la t ion  (small holes  
though the  r e i l e l t i v e  l a y e r s ) .  These improve gas entrance during repressurlza- 
tion md pwging ,uld gas evacuation a f t e r  launch. 
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INSULATION PROTECTION BET'.aXB FLIGHTS 

I n  d e s i g i n g  t h e  blL11 system for  protection from the  in-atmosphere env i romer t a l  
effects,  consideration mst a l so  be given t o  t n e  ground storage o r  turn-around 
%me period between f l i g h t s .  During t h i s  t ime, it i s  highly l i k e l y  t h a t  
mfa&enance md refurbishment operations w i l l  be undertaken i n  and around t k e .  
% W a g e ,  This could expose t h e  insu la t ion  t o  t he  launch s i t e  environment f o r  
an extended period. 

Two pro t e~L ion  approaches c m  be taken. The f . i r s t ,  maintaining a desiccant 
system within t he  purge bag or  an ac t ive  purge with nitrogen gas. However, 
t h i s  has  t h e  disadvantage t h a t  t h e  control led snvironment i s  broken when t h e  
ba& i s  opened. The second approach i s  t o  sele1:t an insula t ion m a t e r i a  
insens i t ive  t o  t h e  po ten t ia l  degrading e f f ec t s  of t h e  launch s i t e  environment. 

'The r e ~ U k t ~  01 8 MDAC h e r l a l a  degradation %eat  program a re  shown i n  t h e  
f i gwe .  Eere, s~mple s  of double goldiaed k e ~ p t . ~ ~ ~  and double goldized m ~ r l a r ,  
both typical insr?nsi t ive  r e f l e c t o r  mater ia ls ,  were exposed t o  a sabt-fog 
cnviroment f o r  46 hours. This i s  a very seve:re t e s t  of launch s i t e  environ- 
men% ef fec t s .  Hclwever, i L  w i l l  be noted t h a t  no degradation was experienced 
by the  do\able goldized kapton. The mylar mate:pial, on t he  other  hand, showed 
deterj,orsldion, I t  can be concluded t h a t  use o.t' t he  double goldized kapLon 
sho-dd y i e ld  an insulataon systern requir ing no spec ia l  environmental proteet ion 
cY~wf ng between Flight  velhi<le s t  orage. 





NOH DESTRUCTIVE INSPECTION PPl'ER FLIGHT 

For a reusable insu la t ion  system, inspection between f l i g h t s  t o  ensure struct;ural  
i n t eg r i t y  and design thermal. performance i s  a ~ u s t .  A consideration of 
faspection approaches can be constrained t o  thcse  of t h e  non-destructive type,  
preferably one which requires  no physical  contz.act o r  movement of t h e  insulation.  
$ever& approaches have been invest igated at I4I)11C. The f igure  i l l u s t r a t e s  LIE 
meet promising co,~cept found; an electromagnetic probe. Shown i s  a simple setup 
o? an induction c o i l  probe i n  contact with t h e  multi leyer insu la t ion  specimen, 
m. approach e o r o p ~ i b l e  with a purged configuration.  Two-percent corrosion wets 
detected. In addi t ion,  compression was detected,  a d i r ec t  measurement of t h e m a  
perfomsnce, Data r epea t ab i l i t y  was a l so  obtained. The method has t h e  advanta@ 
:,n t ha t  it i s  usahle a t  random locat ions  cmj-where on the  M T J  i n s t a l l a t i on .  h 
capacitor techniq~ie  and infrared and microwaves were a l so  studied.  A capacitor 
was found t o  have l imi ted app l i cab i l i t y  and t h e  l a t t e r  two methods were not 
applicable. 





It cm be concluded tha t  protection of the multi-layer insulation is  required 
&wing the  in-atrrosphere phases of the  shut t le  orb i te r  mission. Three 
approaches have teen suggested: Gaseous purge, self-evacuating and vacuumn 
dew= 6% 

A tradeoff study shawed that the purge system 1derit8 additional developnnent. 
Sever& weas  CFGX be ident i f ied fo r  t h i s  development t o  evolve a pract ical  
working purge-repressurization system: 

1. W a e u a t i ~ n  and reentry gas dis t r ibut ion requirements and hwdware; 

2 ,  Preconditioning requirements for  the  24LI ; and, 

3, m g e  bay material and ins t a l l a t ion  dosign. 

Between f l igh t  irspection of the MLI i s  a s o  mandatory. An elecLromagnetie 
probe has been ideritified as a very promising crpproach which i s  compatible 
%dth a purged MLI configuration, Additional dc!velopment is  recornended on 
%his item also,  
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PROGRAM SUMMARY 

In this program, 20 candidate high performance insulation materials are  being subjected 

to eight conditions that represent possible oprational environments. These exposures 

include ground contaminants, various operational tempratures ,  space vacuum, space- 

vented propt?llants, and tank le e .  The objective of this program is to obtain and 

evaluate the data from these exposures in order to provide both a quantitative and qualita- 

tive description of the degradation to certain physical and thermal properties, and from 

this, to obtain a better understanding of the environmental effects'on the insulation 

performance. 

To satisfy these objectives, Lockheed is  oonducting an extensive test program on six 

multilayer radiation shield materials, four multilayer spacer materials, four ground 

hold insulation materials and six miscellaneous insulation materials. Up to 7318 data 

points will be obtained, reduced and tabulated in handbook form (up to 1200 property 

data plots and extensive data tables). 



IDENTIFICATION OF RADIAT ION SHIELD MATERIALS 

Test  Material 

My1 a r  - Aluminum 

Kapton- Aluminum 

Mylar - Gold 

Mylar-Gold 

Tes t  Material  Source 

National Metallizing Div . , 
Standard Packaging Corp . , 
Cranbury, N. J. 08512 

Applicable 
Purchase Spec. 

LAC 22-4402 

LAC 22-4402 

LAC 22-4413 

LAC 22-4402 + 
Addendum A 

LAC 22-4402 + 
Addendum A 

LAC-4413 + 
Addendum A 













IiDENTiFICATfON OF MESCELMNEBCIS INSUMTION MATERIALS 

Tes t  Mater ia l  Tes t  Mater ia l  Source 

1 -in. wide, white o s  Angeles, 34, Calif. 
HPE-12-1-100 Hook 
HPE-12-1-100 LOOP 

Teflon F i lm 
E P S  22-302 

Black Paint 3M Co . ,  St. Paul ,  Minn. 
with p r ime r ,  DuPont 
65-3011: Dark Gray 

Paint Substrate 





EX PQSURE EMV I RONMENIS 

The iilsulatioll mater ials  a r e  exposed to a s e r i e s  of environments (including a separate  con- 
trol environment forb reference) to determine the effect of the environment on specific 
n ~ a t e r i a l  properties a s  a function of exposure t ime,  exposure temperature o r  in some c a s e s  
fluorine o r  oxygen partial  p ressure .  Test equipment used to provide these exposure environ- 
ments,  and in some cases  provide in-situ measurements a s  well such a s  outgassing, a r e  
sho\vn on the opposite page. Other measurements,  summarized in la ter  cha r t s ,  a r e  made 
prior  to and immediately following the exposures. The simulated environments a r e  divided 
into those occuring at atmospheric pressure  and orbital  p ressure .  

.\tmospheric Environments (All at  ambient pressure .  ) 

o High Temperatures  During Ascent at  200°F (93°C) and 407; R.H. 
s High Humidity at 95(/; R. H. and 95" F (35" C) 
ao Salt Spray Under Humid Conditions at 955; R. H. and 95°F (35°C) 
o Water Condensation (Immersion) a t  70" F (21°C) 
a, Fluorine Gas Leakage Under Humid Conditions at 95" F (35OC) and Different Fluorine 

Part ia l  Pressures  

Orbital Environn~ents  

B Gaseous Fluorine Leakage a t  70" F (21" C) and 10-3 T o r r  P re s su re  
o Gaseous Oxygen Leakage a t  70" F (21°C) and 10-3 T o r r  P re s su re  
o Prolonged Vacuum Exposure at  10-6 T o r r ,  at  Different Exposure Temperatures  Ranging 

f rom 660°R (365" K) to 37"R (21°K) 
e Prolonged Vacuum Exposure at  10-6 Torp a t  Different Exposure Temperatures  

Ranging F rom 660°R (365°K) to 140"R (78"R) With and Without P r io r  Exposure to a 
a GN;! o r  GHe Purge Eilvironment at 530°R (294.K) [Outgassing ~ e s t s ' o n l y ]  





TY P ICAL COMPUTER PLOTS 

. . .  - ;i 'qj , 

r IC LNVIRONMCNT S 
S9 CKRCENT R.M. 9 9  DEC F 
' S I  OCC CI  

LXCOSURC TIWL,  I R S  

C I C  ENVlRON*CNT 7 
MLTER IMWEUSION LT 7 0  OLC F 

f2l OCC C )  

a0 a0 1 
EXPOSURE TIME,  MU1 



P S I  
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hOTk: ( 1 )  StE T A e l - E  F ;H I I ~ E ~ T I F I C A - T T C I ' ,  OF- T C S T  P A T E R I A L S  
( 2 )  A C C U F A C Y  UF P F A I U ~ ~ F . ~ J E ~ T S  IS t .$ 'T !MATkO T O  k'E +-  4 PER~,FIA! 
( 5 )  T i E  GFFUFOEJ? 11 ,HIanLES APE ! h  s C I E r J T ? F l C  A C T A T I O P J  

"IE ~ + c i  t . 7 ~ ; ~  I , P I E  ~ x F c I ! E ; ~ ? ~  C F  I n  
( 4 )  ' l k k  PFiF-TELi j  C A T :  MARKkP L 1 ! 1 Y  A C N F  IN I h E  F CF) l . l~~ik 



OUTGASS ENG CALCUMTIONS 

For the outgassing apparatus shown previously, mass  balance equations can be written for the eases  of an empty 
chamber and chamber plus sample. 

vc -- = S 
CPCO - pdo) 

HT - &c Ac 
(Empty Chamber) 

RTc P 

('0 - 'ds) 
RT - QcAc - QSAS (Chamber Plus Sample) 

P 

where 

vc = sample chamber volume 
Tc = sample temperature 

T~ = pumping line temperature 
S = volumetric pumping speed, volume per unit time 
Qc, Qs = chamber, sample outgassing ra te s ,  mass  released, per  unit time 

. &,As = chamber, sample area  
Pco = empty chamber gas pressure 
Pc s = chamber pressure with sample in place 
pdo = downstream gas pressure for empty chamber 
pds = downstream gas pressure with sample in place 

The chamber outgassing value, Qc , is determined in a preli  empty chamber experiment. At times of one 

vc hour o r  more after initiation of evacuation, the t e rm - ------ is usually negligible. The sample outgassing 
RTc 

rate is then given by: 





TEST TRENDS OF MULPIMYER INSUMTION RADIATION SHIELD MATEW IALS 
Apparenttest trends noted to date a r e  a s  follows: 

Overall, the gold-coated substrates exhibited fewer property changes than the aluminum coated substrates. 
Following the '72 hour, 95'; R. H. exposure, a faint pattern developed in the a l u m i ~ u m  coatings. This pattern 
plus the appearance of pinholes in the aluminum coating became more pronounced in the 95% R. H. /salt  a i r  
environment going from the 12 hour exposure to the 24 hour exposure; the aluminunl coating disappeared 
following the 72 hour exposure. Following the same 72 hour exposure, some minute pinholes were observed 
on the gold coatings a s  well. No coating dar~lage wss noted in any of the other environments. 

The emittance of both of the single, .gold coated films (S-6-M and S-G-K) shows the following trends: an increase 

I-- after  exyosure to the 95% R. H. /salt a i r  environment and the room temperature vacuum environment and a decrease 
A 
W 
0 

following exposure to the high temperature vacuum environment. The double gold-coated mylar (S -G-M) also shows 

an increase in en~it tance following the 95% R. H. /salt  a i r  exposure. 

The adhesion qualities of the gold coatings a r e  apparently adversely affected to a small extent by exposure to the 

following three environments: 200" F ,  40% R. H. ; 95% R. H. , 95" F ;  and 95% R. H. /salt  air .  

The tensile strength of mylar coated with aluminum on one side showed decreases following three exposures and 

no increases; mylar coated with aluminum two sides showed increases in tensile strength following four exposures 

and no decreases. Overall, the exposures have relatively little effect on the tensile strengths of either mylar o r  

kapton. 





TEST TRENDS OF MULTIMYEW %NSUMTlON 
SPACER MATEW lALS 

Apparent test trends noted to date a r e  a s  follows: 

The tensile strength of dacron net is not affected by the environmental exposures. Nylon 

net's strength decreases 27% in the high temperature vacuum environment while silk net 

loses 37% of i t s  strength in the high temperature, 40% "0. H. environment. Tissuglas loses 

strength in all  the environmental categories and disintegrates when immersed in water. 

The compression tes ts  use 20 layers of each spacer material: For these tests  the height 

of silk net, nylon net and dacron net ( T /TI ) recovers to approximately * 10% of the 2 
control value (following an environmental exposure and release 0% the compressive load a t  

0. 5'T1 ) . 

(Note: In every case for  control specimens o r  exposed specimens, the absolute height of 

the layers is l e s s  after release of the compressive load than before the load is applied.) 



PERCENT CHANGE I N  PROPERTIES FOR UPOSED MULTl MYEW INSUMY ION SPACER MATER IALS 

I W = WEIGIIT 5. D = SPECIMEN DETERIORATED I N  ENVIRONMENT TO EXTENT 

F, - COi"1PRESSION ULTIA/LATE AT (0 5)T1 FOST- ENVIRONMENT TESTS COULD NOT BE P E R m R M E D  
TJT I. = COMPRESSION RECOVERY 6 DbE TO TI-IE VARIABLE PROPEliTlES O F  SPACERS UNUFFI 

F TEXSILE ULTTkn4TL h CGMPRCSSPJE LOAD A 2u SPREAD ';GAS PELT TO BE 
LXEANINGLESS FOR DETERmNING TVHETHER. A CHANGE 

2, P P - PARTICIL PRESSURE: IIAD 'l"AE<iSN PLa%ZE TI-IEREKDR ELL DATA REsllLTS 
3 TOTAL PRESSURE = 2 ATM (1520 'FORK) AWE SFlOti;iW FOR 8 NTERPRB 'L'ATXON 
4 ;.ac = NO CHANGE SVITRIN W C C U R ~ C Y  OF M E ~ S U S  C ~ ~ C N - r  ri arj 



TEST TRENDS OF 

Apparent test  trends noted to 

GROY ND-HOLD lNSUUlT 

date a r e  a s  follows: 

'ION MATER IAhS 

Both the room temperature cured adhesive, 7343/7139, and the high temperature cured 

adhesive, 4001/4004, pick up shear strength following the high temperature/vacuum o r  

high temperature/40% R. H. exposures. (The percentage increase is greater  for the room 

temperature cured adhesive a s  would be expected. ) The shear strength of 4001/4004 ad- 

hesive apparently decreases following water immersion, 

The tensile strength of beta glass cloth apparently increases after exposure to the high 

temperature, 40% R. H. environment although the reason for this increase is not understood. 

The compression strength of polyurethane foams decreases following exposure to all the 

environments. High temperature plus vacuum has the greatest effect followed by high 

temperature at 40% R. H. 





TEST TRENDS 01"' M ISCELWNEOUS INSUtPaTION MATER lALS 

Apparent tes t  trends noted to date a r e  as follows: 

The measured properties of the therrnatrol paint and s e r i e s  400 black paint a r e  relatively 

insensitive to the environmental exposures. 

TFE teflon film apparently decreases  slightly i n  tensile strength following exposure to 

vacuum a t  temperature levels ranging from room temperature to liquid hydrogen ternpesa- 

tu re  . 

The tensile strength of Velcro fasteners  remains comparatively unaffected by the environ- 

mental exposure while the peel strength apparently decreases  af ter  exposure to some of 

the environments. This la t ter  trend may be more  apparent than r e a l  due to the limited 

number of control specimens run to date. Additional eoptrol t e s t s  scheduled la ter  may 

shift the peel tes t  resul ts  shown back toward the no change condition. 



PERCENT CHANGE I N  PROPERTIES FOR EXPOSED M l SCELLANEOUS INSULATION MATER IALS 

VACUUM, 
5 TORR 

1. W = WEIGHT Fs = TENSILE SHEAR 2. P . P .  = PARTIAL PRESSURE 
Q = FLEXIBILITY c = TOTAL NORMAL EMITTANCE 3. TOTAL PRESSURE = 2 ATM (1520 TORR) 
cu = SOLAR ABSORBTANCE Fp = T-PEELSTRENGTH 4.  NC = NO CHANGE WITHIN ACCURACY OF MEASUREMENT (* 2o) 
Ft = TENSILE ULTIMATE ' 5. D = SPECIMEN DETERIORATED IN ENVIRONMENT TO EXTENT 
AD = PAINT ADHESION POST-ENVIRONMENT TESTS COULD NOT BE PERFORMED 

(%I REMOVED) 
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P P O  FOAM INTERNAL INSULATION 

by 

G. B. Yates and R. E. Tatro 

INTRODUCTION 

The reusable mission and life cycle requirements of the space shuttle vehicle have 
resulted in a reasse ssment of currently available cryogenic insulation systems, 
most of which were designed for the launch phase of a mission of an expendable 
vehicle. The various phases of the multiple mission cycle impose new loads and 
thermal cycling requirements on the insulation materials. Both external and 
internal insulation systems have been used on existing space launch vek~icSies, A n  
internal insulation concept has been selected for the space shuttle vehicle, Install- 
ation inside the tank minimizes exposure ofthe material to potentially brunhl 
external environments and keeps the tank skin and insulation bond line warm mini-- 
mizing thermal stresses. 

INTRODUCTION 

COMPARISON OF PPO FOAM & OTHER LH2 I N S U M T I O N S  

MATERIALS DEVELOPMENT: PPO FOAM & ADHESlVES 

MANUFACTURING 

THERMAL PERFORMANCE 

CONCLUSiiONS 



GA MIIDATE LI12 TANK INSULATION SYSTEMS 

Candidate insulation systems for application to space shuttle liquid hydrogen 

tanks are shown below. The values listed for density and thermal conductivity, 

though based on limited R&D information, a r e  considered to be representative 

for the various systems. PPO foam was selected by Convair Aerospace for 

comprehensicve development because it is open-celled and therefore not subjected 

to eyelie pressure fatigue, it is a simple, single-component insulation material, 

it has the potential for maximum reliability and reusability, it is a tough material 

with good cryogenic properties , and it has a competitive k x p product. 

CANDIDATE LW2 TANK INSULATION SYSTEMS 

2 ,  FIEIERGUSS-FILLED HONEYCOMB, PERFORATED FACE SHEET 
INTERNAL, SST CONCEPT 

3, "'3iYbMl DE OPEN-CELL FOAM-FI LLED HONEYCOMB 
'M SESNAL 

4, PPO FOAM 
l NT ERNA L. 

5- "01-VISREI HANE OPEN-CELL FOAM-FI LLED HONEYCOMB 
IhTERNAL 

5, POLYUREIl-IANE RIGID CLOSED -CELL FOAM 
IYTERNAL,  3D REINFORCED, S-IVB 

7 ,  FIBERGLASS BLANKET, HELIUM PURGED 
E X T E R N A  E 

1 
*2,0 LB./CU.FT. MATERIAL CAN BE PRODUCED 



PPO FOAM PHYSICAL CIIAEACTERLSTICS 

PPO foam is an anisotropic, elongated open-cell material which has physical 

and mechanical characteristics similar to those of honeycomb, The foam is 

manufactured by placing rigid sheets of powdered resin and catalyst between 

pape r-covered, steam-heated plates and drawing the plates apart rapidly to 

produce the elongated cells. PPO foam thicknesses of up to 80 mm (3.1 in) and 

densities from 30 to 180 kg/m3 (1.9 to 12 pcf) have been produced. When used 

a s  an internal insulation sdrstem, surface tension prevents liquid entry into the 

open cells and causes an insulating layer of gaseous hydrogen to form a t  ithe tan);< 

wall. The cell diameters range in size up to 760 pm (0.030 in). 

PNVSlCAL CHARACTERISTICS OF PPO F O M  

C E L L S I D E V I E W  40CMCle51N,) 
THICK SHEET (2x1 

C E L L  END VIEW 
0,076 MM (0.003 IN.) THICK SLICE (ACTUAL.. SiPE & POX5 



LATERAL GAS FLOW DEMONSTRATION 

The manufacturing technique results in a density gradient parallel to the fiber 

direction in the material. In a 50 mm (2 inch) s l ee t  with an overall density of 

37,3 kg/m3 (2.33 lb/ft3) the local densities when cut in 1/3 slices were 40.3, 

30-9 and 40,8 kg/rn3 (2.52, 1.93 and 2.55 lb/ft3). This 27 percent densiky 

gradient through the material is typical of the panels rece bed  to date. The 

lateral porosity (perpendicular to the fiber direction) of PPQ foam was evaluated 

by flowing helium gas through a funnel bonded to the face of a 15-em (6-inch) 

diameter foam specimen. When submerged in water, gas was observed exiting 

the sides of the specimen indicating a reduced resistance to lateral  gas move- 

ments between the cells inside the foam. This does not, however, appear to 

have an appreciable effect on the thermal performance of the foam, 

PPeP FOAM GAS FLOW DEMONSTRATION 

FOAQI DEN SBTY 
LIPPER THIRD: 40.5 K G / M ~  MIDDLE THIRD:30.9 K G / M ~  LOWER THIRD: 40.8 KG/M 

( 2 , 5 2  PCF) (1.93 P C F I  (2,55PCR 

OVERALL: 37.3 K G / M ~  (2.33 P C R  

HELIUM FLOW RATE = 1 0 2 ~  M ~ / S E C  HELlUM FLOW RATE = 275 f l ~ 3 / 5  

(136FM) ( 3  56FH) 



X RAY INSPECTION 

X ray techniques have been successfully used to inspect the foam panels for 

internal porosity and high density areas. An example of the identification of 

voids in early batches of PPO foam using X ray exposures is  shown below, It 

is  anticipated that by properly controlling X ray and photo development 

2 parameters, relative to the nominal material specific weight @g/m ) , it will 

be possible to evaluate foam panel density variations using X ray techniques, 

Other inspection techniques used, following removal of the paper cover sheets, 

include visual inspection on a light table, magnification and measurement of 

surface cell sizes, and bulk density calculations and comparison with X ray data, 

X-RAY INSITEC'TION OF FTVECENTIMETEIR XTPO F O M  MATERIAL 



F'OAlVl: LLaECIZANICAL PROPERTES 

Pol~helmylene oxide resin has a heat deflection temperature of 464 K @ 

1,82 ?MN/rn2 (375 F @ 264 psi) and the foam remains flexible a t  cryogenic 

temperatures exhibiting 2% elongation and 2% elastic compression parallel 

So the fiber direction and 12% elongation perpendicular to the fiber direction 

at W1IJ2 temperature. The PPO foam mechanical properties have been 

measured over the temperature range of 20 to 422 K (-423 to 300 F). The 

properties measured were face tension, compression, core shear,  and 

climbing drum peel. All failures during the mechanical property tests 

occurred in the foam indicating good bond strength with 73432 (Crest 7343 

modified with 1% Silane), Epon 934, and FIT424 adhesives. The foam was 

fo~~i.ad to have sufficient strength for its intended use over the temperature 

range tested. No indication of incompatibility between the foam and these 

adhe s jive s was found. 

FOAM EL-ONGATION A T  20°K ( - 4 2 3 O D  
PAqALLEL TO FIBERS NOTES: 1. TESTS A T  ROOM TEMPERATURE & A B O V E  RUN IN AIR 

rENSION: 270 
COMPRESSION 270 2. ~ o K G / M ~ ( ~ . ~ P F c )  PPO FOAM 

PERPENDICULAR TO FIBERS 3. EACH PLOTTED POINT REPRESENTS AN AVERAGE OF 
TENSION: 127'0 
- - THREE TEST SPECIMENS 

STQENG 
MSJIM~ 

(PSI? 

1.8 
( 2 6 1 )  

2 2 5  
( 1 3 0 )  

1.2 
( 1  74) 1 5 0  

( 8 7 )  P E E L  
STRENGTH 
N/CM 

0.6 
(87) 7 5  (LB./IN.) 

(43 )  

0 0 
0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  

( 1 8 0 )  (360) ( 5 4 0 )  ( 7 2 0 )  (900 )  (180) ( 3 6 0 )  ( 5 4 0 )  ( 7 2 0 )  

TEMPERATURE OK(OR) TEMPERATURE OK('R) 

3 TENSILE, 7 3 4 3 2  0 CORE SHEAR, 7 3 4 3  Z 

14 TENSILE, EPON 9 3 4  CORE SHEAR, EPON 9 3 4  

A COMPRESSION A PEEL, 7 3 4 3 Z  

s TENSILE, WT 4 2 4  ( 0 . 1 3 5  P S R  (MSFC) 



STRUCTURAL INTEGRITY TESTING 

Room temperature cure polyurethane and epoxy adhesives for use with PPO foam 

have been evaluated over the temperature range of 20 to 422 K (-423 to 300%;)" 

Polyurethane is  tough and exhibits approximately 2% elongation a t  cryogenic tern- 

perature, but it has not generally been accepted for use above 366 K (200F), Epoxy 

is  comparatively brittle a t  cryogenic temperature (-0.5% elongation) brat has better 

s t renah  at  high temperature, Based on lap shear tests ,  Crest 7343 polyurethane 

modified with 1% Dow-Corning Silane coupling agent (7343 Z), and Epon 934 epoxy 

were selected for bonding PPO foam specimens for mechanical p r o p e ~ ~  testing, 

The 73432 lap shear strengths were 26.7 and 1.6 M N / ~ '  (3870 and 243 psi), and 

the Epon 934 stren@hs were 14,O and 5 , 2  M ~ / r n ~  (2027 and 760 psi),  a& 20 and 

422 K (-423 and 3001"), respectively. Structural integrity tes ts  have been run on 

dog bone specimens with 5 x 30 x 4.6 em (2 x 12  x 1.8 inch) P P O  foam specimens 

bonded to 32-mm (1/8-in) thick 2219 (T81) aluminum, Four hundred k o a d - c ~ ~ ~ l e s  

were run at 20, 294, and 394K (-423, 70 and 250F) with. strains in the aluminum 

of 0.0035, 0.004, and 0,002 cm/cm, respectively. A total of three specimens 

were tested with no observable failures, cracks o r  deterioration. 

PPO FO.4M BOND STRUCTURAL lNTECRlTV TEST SPECLNlENS 

MATEWIIA hS  

- 3 2  CM 4.125 IN,) 2219 (T81) A L U M I N U M  
4,6 CN (1.8 IN,) PPO FOAM, TEST SECTlON 

AREA, 5 -1  X 18.4 CM f 2  X 7,25lN,) 

CREST 7343 POLYURETHANE ADHESIVE 
M O D l F l E D  WITH 1% DOW-CORNING 
60402 SI LANE 

TEST COND1818NS 

TEMPERATURE STRAIN NO, LOAD 
" KO( F) CM/CM GVC LES 

20 (-423 1 .0035 400 
294 (743) .0040 400 
394 (250)  .0020 400 



SbL4LLJ RADIUS FORMING 

PPO foam panels can be accurately formed to nearly any desired shape. Examples 

is1 pieces of  PPO formed to extremely small radii a re  shown below. A 20-mm 

(0,8- in) thick PPO foam panel has been formed in a 46-em (18-in) diameter 

c.lliptieal bulkhead. Larger P P O  foam panels 46 x 7 1  x 4.5 ern (18 x 24 x 1.8 in) 

knve h e n  formed on 91-em (3-ft) radius, single curvature surfaces and on 

co rnpound curvature Centaur bulkhead tooling, The panels a r e  vacuum bagged 

2nd hot formed in an oven. 

SMALL-RADIUS PPO FOAM FORMED PARTS 



PPO FOAM FEASBILIIFU TEST APPARATUS 

Tests have been performed to dekrmine the concept feasibility of several open-cell 

insulation materials, Small-scale LH2 tests were performed using 15,2 cm (6-in) 

dhmeter Lexan polyearbonate beakers. A heater was bonded to the bottom of the 

beaker, with instrumented insulation sample bonded inside, and the apparatus 

tested in a vented and insuliated cryostat, Insulation performance was determined 

by measuring the hydrogen boiloff rate and temperature profiles in the material, 

A larger 61-em (24-in) rectanwlar aluminum tank was used to evaluate materials 

in the tank sidewall, bottom, and top orientations. Different open-cell configrx- 

rations were mounted on the flat surfaces, and low density balsa wood was bonded 

into the corners to prevent ovedapping of the insulation materials, Temperatures, 

pressure, and bofioff flow rate were measured to evaluate material performanee, 

PIP0 FOAM FEASIBILITY TEST APPARATUS 

l 5 , 2 - C M  r!6-1f\de) BEAKER 61 -CM (24-IN .I TAN K 



DOUBLE -CURVATURE PANEL WITH A BONDED BUTT JOINT 

Techniques a re  being developed for cutting, forming and bonding full-size PPO 
foam panels. Large, accurate surface cuts a re  required to remove the brown 
cover paper from delivered material. Both mechanical and hot wire cutting 
techniques have been investigated, Hot wire is the most desirable method 
because it minimizes debris; however, a considerable amount of new tooling is 
.seeded to successfully develop an accurate cut. A rotary knife also makes a 
clean cut but is time consuming because of the large number of passes required 
and the hold down tooling which must be moved after each pass. A horizontal 
band saw, 4 teeth per inch, run in reverse, was found to be the most successful 
and accurate cutting technique. Flat and preformed curved panels have been 
bonded to aluminum plate with 73432 adhesive. Double-curvature forming and 
bonding of a full-size PPO foam panel is  shown below. The panel being formed 
is a 4-6 x 46.0 x 62.2 em (1.8 x 18.1 x 24,5 in) bart on a section of Centaur 
bulkhead tooling. The edges of the panel tire supported to prevent crushing during 
the vacuum hot-forming process. The vacuum is applied, the panel is  heated 
and formed, and a i r  cooled to room temperature. The panel was cut in half and 
then bonded with a bonded butt joint to a stretch formed piece of 2024-0 aluminum 
sheet, 

BONDED PPO FOAIQl DOUBLE-CURVATURE PANEL, BONDED BUTT JOINT 

FORMING SETUP FORMED PPO 



T E R M A L  COraDUCTIVITY TESTING 

The thermal eonductivily of PPO foam was measured in liquid hydrogen spa a 

guarded hot plate test apparatus, The design employed a 25 em (10-in) circular 

test section heater with a 7.8 em (3-in) annular guard section heater sanduriched 

between two circular pieces of a solid reference material, 3M Scotchply type 1157 

glass reinforced epoxy resin, Identical PPO foam test specimens were bonded to 

the epoxy surfaces. The symmetrical design permieed determination of the: -pro- 

postional heat Row though the two faces of the specimen by measuring the te~nper-- 

ature differences across the two 1.6 em (0.625-in) thick epoxy disks. A 3 , 8  ern  

(1.5-in) polyurethane foam edge guard maintained the specimen edges well above 

28 K (-423F). A total of 25 Cr-ern thermoeotrples were used to monitor specimen 

temperatures, The specimen was tested at P P O  warm face temperatures of 222- 

278, 344, and 400 K (-60, 40, 160, and 260F). The ratio of the thermal comduc- 

tivity of PPO foam to that of gaseous parahydrogen ranges from 1.10 to 1 . 2 5  for 

the t e q e r a t u r e  range tested. 

PPO FOAM THERMAL CONDUCTIVITY IN LIQUID HYDROGEN 

APPARATUS DATA (BOTTOM OR1 ENTATI! ON1  

g0.08) 
THERMA k 

140 CONDUCTIVITY, 
abl wrvvmOlc 

[BTUm R. 
(0,041 

70 

MEAN T E M P E R A T U R E ,  "I< (OR) 



The feasibility of using PPO foam a s  an internal open-cell LH2 tank insulation 

has been demonstrated. It has a competMive k x P product among the candidate 

shuttle tankage insdations. It is a tough material with good cryogenic properties 

ztnd can be eas3y cut, formed and bonded. It is a simple single component 

inscLlatisn system which does not require seals o r  reinforcement, Thus, it has 

a maximum potential for reusability, 

CONCLUSIONS 

nPPO FOAM FEASIBILITY DEMONSTRATED FOR LH2 TANKS 

@ COMPETETITlVE k xp  PRODUCT 

e TOUGH MATERIAL, GOOD CRYOGENIC PROPERTIES, EASI LV FABRICATED 

SlMPLE SINGLE COMPONENT INSUMTION -MAXIMUM 
POTENTIAL FOR REUSABI L1TV 
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SUMMARY 

Two i n t e r n a l  i n s u l a t i o n  systems which may meet t h e  r e u s a b i l i t y ,  
maximum tempera tu re ,  and o t h e r  r equ i rements  f o r  t h e  S h u t t l e  b o o s t e r  
l i q u i d  hydrogen p r o p e l l a n t  t ank  i n s u l a t i o n  a r e  b r i e f l y  d e s c r i b e d .  Pose 
s e r v i c e  e x p e r i e n c e ,  method of f a b r i c a t i o n ,  the rmal  performance,  and 
t h e  c o n t r i b u t i o n  of  g l a s s  t h r e a d  re in fo rcement  t o  s t r e n g t h  p r o p e r t i e s  
of t h e  c u r r e n t  3-D foam i n s u l a t i o n  a r e  summarized. P r o g r e s s  made toward 
upgrading t h e  r e i n f o r c e d  foam i n s u l a t i o n  f o r  S h u t t l e  use  i s  o u t l i n e d .  
Heat  c o n d i t i o n e d  po lyure thane  foam a p p e a r s  t o  have adequate  the rmal  
and d imens iona l  s t a b i l i t y  a t  t h e  maximum t e m p e r a t u r e ,  and two new 
a d h e s i v e s  under  t e s t  combine the  needed h i g h  t empera tu re  p r o p e r t i e s  
w i t h  p r o c e s s i n g  requ i rements  t h a t  appear  r e a l i s  t i c  f o r  S h u t t l e  type  
v e h i c l e s ,  

The m a t e r i a l s  s e l e c t i o n  f o r  the  gas  l a y e r  o r  c a p i l l a r y  i n s u l a t i o n ,  
p o t e n t i a l l y  u s a b l e  on t h e  S h u t t l e ,  and a n o t h e r  v e r s i o n  in tended  f o r  
h i g h e r  t empera tu re  s e r v i c e  i n  a  c r y o g e n i c a l l y  f u e l e d  a i r c r a f t ,  a r e  
d e s c r i b e d .  T e s t s  p rov ing  t h e  sys tem f e a s i b i l i t y ,  r e u s a b i l i t y ,  and l o w  
s t r e s s e d  c h a r a c t e r i s t i c s  ( e s s e n t i a l l y  f r e e  of p r e s s u r e  induced f o r c e s )  
a r e  summarized. The the rmal  c o n d u c t i v i t y  o b t a i n e d  i s  e s s e n t i a l l y  e q u a l  
t o  t h a t  of t h e  i n t e r s t i t i a l  gas  t r apped  between t h e  t a n k  w a l l  and t h e  
c ryogen ic  f u e l .  
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INTRODUCTION 

With the adven t  of the  Space S h u t t l e  Program, t h e  requirement  f o r  
r e u s a b i l i t y  was in t roduced  a s  a  prime r e q u i s i t e  o f  c ryogen ic  i n s u l a t i o n  
systems f o r  b o o s t e r  type LH2 p r o p e l l a n t  t anks .  Based p r i m a r i l y  on 
proposed p r o p e l l a n t  t ank  c o n f i g u r a t i o n s  and o t h e r  c o n s i d e r a t i o n s ,  
i n t e r n a l  i n s u l a t i o n  seems t o  a f f o r d  the  b e s t  p o t e n t i a l  o f  meet ing 
t h e  r e u s a b i l i t y ,  r e l i a b i l i t y ,  and o t h e r  requ i rements .  On t h i s  b a s i s ,  
e f f o r t s  have been concen t ra ted  on deve lop ing  and q u a l i f y i n g  t o  S h u t t l e  
requ i rements  t h e  fo l lowing  t h r e e  i n t e r n a l  i n s u l a t i o n  systems: Gas 
l a y e r  o r  c a p i l l a r y  i n s u l a t i o n  (Mart in  M a r i e t t a  C o r p o r a t i o n ) ,  r e i n f o r c e d  
(3-D) foam (McDonnell Douglas A s t r o n a u t i c s  Company), and Polyphenylene 
oxide  (PPO) foam (General  Dynamics Corpora t ion) ,  A maximum use  
temperature  of 177OC was p laced  on t h e  S h u t t l e  i n s u l a t i o n .  T h i s  
p r e v e n t s  t h e  S h u t t l e  i n s u l a t i o n  from r e q u i r i n g  a d d i t i o n a l  thermal  
p r o t e c t i o n  a s  long a s  aluminum i s  the  primary m e t a l  of c o n s t r u c t i o n ,  
The 177OC requirement  p rov ides  f o r  a  28OC cushion c a p a b i l i t y  above 
MSPG" accep ted  use t empera tu re  (14g°C) f o r  t h e  aluminum a l l o y s .  
Reinforced foam i n s u l a t i o n  f o r  the  S h u t t l e  d i f f e r s  from the  3-D foam 
i n s u l a t i o n  used on t h e  Apol lo  program p r i m a r i l y  i n  r e u s a b i l i t y  sad 
maximum use t empera tu re  requ i rements .  The i n i t i a l  e f f o r t  on t h e  gas a 

l a y e r  i n s u l a t i o n  system was t o  deve lop  an  i n s u l a t i o n  f o r  l i q u i d  methane 
a i r c r a f t  t a n k s .  I n  t h i s  c a s e  t h e  S h u t t l e  i n s u l a t i o n  requirement  
d i f f e r s  i n  having both  a  lower minimum and lower maximum use t empera tu re ,  
I n  t h i s  paper t h e  3-D foam and gas  l a y e r  i n s u l a t i o n  a r e  b r i e f l y  
d e s c r i b e d ;  p r o g r e s s  t o  d a t e  on deve lop ing  and q u a l i f y i n g  m a t e r i a l s  and 
i n s u l a t i o n  systems t o  S h u t t l e  requ i rements  a r e  summarized; and f u t u r e  
p lans  a r e  o u t l i n e d .  

EXPERIMENTAL 

A ,  3-D Foam Program f o r  S h u t t l e  

1. P r e s e n t  3-D Foam I n s u l a t i o n  

The 3-1) foam i n s u l a t i o n  system was developed by t h e  Douglas 
A i r c r a f t  Zompany f o r  use  on i n t e r n a l  i n s u l a t i o n  system f o r  LH2 tanks  
of the  S a t u r n  S-IV and S-IVB s t a g e s .  Th i s  i n s u l a t i o n  evolved because 
no  s i n g l e  m a t e r i a l  was found which would a d e q u a t e l y  s a t i s f y  a l l  t h e  
d e s i g n  requ i rements .  Due t o  t h e  f a v o r a b l e  p a s t  exper ience  w i t h  t h i s  
i n s u l a t i o n  system,  a  program was i n i t i a t e d  t o  upgrade i t  f o r  use  on 
t h e  S h u t t l e ,  



a .  D e s c r i p t i o n  of 3-D Foam I n s u l a t i o n  

The components o f  t h i s  composite i n s u l a t i o n  a r e  shown 
I n  f i g u r e  1. It c o n s i s t s  of a  c o r e  of 3-D foam which must have adequate  
s t r u c t u r a l  i n t e g r i t y  w h i l e  s e r v i n g  a s  the  primary the rmal  b a r r i e r .  
I n  the 3-D foam, t h e  polyurethane foam i s  r e i n f o r c e d  i n  t h r e e  mutua l ly  
p e r p e n d i c u l a r  d i r e c t i o n s  w i t h  S - g l a s s  t h r e a d s .  The l i n e r  p h y s i c a l l y  
t i e s  t h e  i n d i v i d u a l  segments of t h e  foam t o g e t h e r ,  p r e v e n t s  t h e  fo rmat ion  
\ r L  c racks  i n  t h e  s u r f a c e  of t h e  foam, and a c t s  a s  a  base  f o r  t h e  s e a l  
soat, For t h e  S-IV s t a g e  i n s u l a t i o n ,  a  181 g l a s s  c l o t h  impregnated 
w i t h  an epoxy r e s i n  was used.  A s  a  weight  r e d u c t i o n  measure f o r  the  
S-IVB s t a g e ,  t h e  l i n e r  was changed t o  116 g l a s s  c l o t h  impregnated 
w i t h  a polyurethane r e s i n .  The s e a l e r  a c t s  a s  a  b a r r i e r  t o  r e t a r d  
hydrogen permeat ion,  i n h i b i t  mois tu re  p e n e t r a t i o n ,  and p rov ides  a  
c l e a n a b l e  s u r f a c e ,  For t h e  S-IV s t a g e ,  s i x  s p r a y  c o a t s  of po lyure thane  
resin were used.  These were changed f o r  t h e  S-IVB s t a g e  t o  a  l i g h t e r  
wipe-on c o a t  of the  same polyurethane r e s i n  used t o  impregnate t h e  
g las s  c l o t h .  The 3-D foam i s  bonded t o  t h e ' t a n k  w a l l  w i t h  a n  epoxy 
a d h e s i v e ,  

b ,  3-D Foam I n s u l a t i o n  Exper ience 

A summary of 3-D i n s u l a t i o n  s e r v i c e  exper ience  i s  
presented i n  f i g u r e  2. Each of two b a t t l e s h i p  v e h i c l e s  have s u r v i v e d  
over 100 c ryogen ic  l o a d i n g s ;  t h e  a l l - s y s t e m s  v e h i c l e  30 l o a d i n g s ,  and 
cach f l i g h t  s t a g e  a  minimum of  2 and maximum of 6 l o a d i n g s .  Except f o r  
the  d e l a m i n a t i o n  of t h e  s e a l  c o a t  on t h e  f i r s t  b a t t l e s h i p  v e h i c l e ,  no 
s i g n i f i c a n t  d e g r a d a t i o n  h a s  been encounte red ,  Th is  composite i n s u l a t i o n  
s v s t e r l  has  been proven f o r  ground ho ld  o p e r a t i o n  and h a s  func t ioned  
Tor  both  t h e  boos t  phase and o r b i t a l  f l i g h t  on t h e  S a t u r n  program. 
The i i i s u l a t i o n  system h a s  been demonstra ted t o  be h i g h l y  r e l i a b l e  and 
efficient f o r  r e p e a t e d  c ryogen ic  exposures  and a  v a r i e t y  of env i ronmenta l  
,a~di Lions, 

c ,  F a b r i c a t i o n  o f  3-D Foam 

The 3-D foam i n s u l a t i o n  i s  f a b r i c a t e d  by McDonnell 
Douglas A s t r o n a u t i c s  Company a t  Hunt ington Beach, C a l i f o r n i a .  F igure  3  
shows t h e  g l a s s  re in forcement  i n  the  3-D foam. The frame of  t h e  hand 
s t r u n g  3-D g l a s s  t h r e a d  m a t r i x  i s  p laced  over  a  c a v i t y  c o n t a i n i n g  
machine-mixed po lyure thane  foam components. The expanding foam r i s e s  
rhrough t h e  g l a s s  f i b e r s .  The foam b locks  a r e  c u t  and contoured i n t o  
t i l e  t h i c k n e s s  of approx imate ly  one inch .  The t i l e s  a r e  p o s t  cured 
f o r  one-hour a t  190°F. 



d.  Mechanical P r o p e r t i e s  

The e f f e c t s  o f  t h e  3-D re in forcement  on mechanical  
p r o p e r t i e s  a r e  c l e a r l y  shown i n  f i g u r e  4. When compared t o  an  u n r e i n f o r c e d  
foam of  e a s s e n t i a l l y  t h e  same d e n s i t y ,  bo th  t h e  t e n s i l e  and compressive 
s t r e n g t h s  of t h e  r e i n f o r c e d  foams a r e  i n c r e a s e d .  Reinforcement h a s  
l i t t l e  o r  no e f f e c t  on s h e a r  p r o p e r t i e s .  The e l o n g a t i o n  and c o m p r e s s i b i l i t y  
of t h e  foam a r e  a l s o  decreased  by re in forcement .  

e .  Thermal E f f e c t i v e n e s s  

The thermal  e f f e c t i v e n e s s  of t h e  3-D foam i n s u l a t i o n  
a s  c a l c u l a t e d  f o r  S a t u r n  S-IV and S-IVB s t a g e s  i s  p resen ted  i n  f i g u r e  5, 
These d a t a  show t h a t  t h e  the rmal  c o n d u c t i v i t y  appears  t o  be approaching 
t h a t  of hel ium g a s .  Due t o  t h e  use  o f  a  hel ium purge,  t h e  3-D foam 
i s  probably  n e a r l y  s a t u r a t e d  w i t h  a  combinat ion o f  hel ium and hydrogen 
gas ,  and a c c o r d i n g l y  should have a  c o n d u c t i v i t y  . g r e a t e r  t h a n  pure hel ium 
O n  l o n g e r  exposure  i t  i s  expec ted  t h a t  t h e  the rmal  performance would 
tend t o  more n e a r l y  approach t h a t  o f  t h e  g'ases. 

2. Development of S h u t t l e  3-D Foam 

Since  p rev ious  exper ience  has  shown t h a t  t h e  p r e s e n t  3-D 
foam i n s u l a t i o n  system i s  h i g h l y  r e l i a b l e  and r e u s a b l e ,  t e s t s  were 
run  t o  determine t h e  maximum u s a b l e  t empera tu re  o f  t h e  p r e s e n t  3-D system,  
These t e s t s  showed t h a t  t h e  p r e s e n t  sys tem is l i m i t e d  t o  a  maximum 
use t empera tu re  of around 93 t o  107OC (200 t o  225OF) which i s  w e l l  
below t h e  177°C g o a l  f o r  t h e  S h u t t l e ,  

a .  M a t e r i a l s  I n v e s t i g a t i o n  

To upgrade t h e  h igh  temperature  c a p a b i l i t i e s  of t h i s  
system, maximum use  i s  being made o f  t h e  exper ience  gained over  t h e  
p a s t  10 y e a r s  from working w i t h  t h i s  composi te ,  The a p p a r e n t  key 
problem a r e a s  f o r  deve lop ing  t h e  i n s u l a t i o n  f o r  t h e  S h u t t l e  a r e  
r e u s a b i l i t y  and  a  maximum s e r v i c e  t empera tu re  of 177°C. These c o n s t r a i n t s  
formed the  b a s e l i n e  f o r  t h e  m a t e r i a l s  development program. Accordingly ,  
each e lement  of t h e  composite i s  being s e p a r a t e l y  i n v e s t i g a t e d .  

( I )  Foams: 

A su rvey  was conducted o f  commercially a v a i l a b l e  
foams and foamable m a t e r i a l s  i n c l u d i n g  po lyure thanes ,  p h e n o l i c s ,  e p o x i e s ,  
polyimides ,  and po lyb inz imidazo les ,  The f i r s t  foam m a t e r i a l s  i n v e s t i -  
gated were t h e  po lyure thanes ,  which were used e x t e n s i v e l y  i n  t h e  S a t u r n  
program, The m a t e r i a l s  were e v a l u a t e d  by the rmograv imet r i c  a n a l y s e s ,  
thermomechanical a n a l y s e s ,  d i f f e r e n t i a l  scann ing  c a l o r i m e t e r ,  i s o t h e r m a l  
oven t e s t s  , thermal  expans i o n  t e s t s  and m u l t i p l e  and con t inuous  h i g h  
t empera tu re  exposures .  Unreinforced foams have been used d u r i n g  most 
of t h e  t e s t i n g  w i t h  no compromise of t e c h n i c a l  r e s u l t s  t o  avoid  t h e  
expense of f a b r i c a t i n g  3-D foam, 



Figure  6 shows t y p i c a l  weight  l o s s  d a t a  d u r i n g  i s o t h e r m a l  
h e a r i n g  o f  t h e  v a r i o u s  po lyure thane  foams. The lower curve  shows t h a t  
most of the  new s o - c a l l e d  h i g h  t empera tu re  p o l y u r e t h a n e  foams tended 
toward a  cont inuous  decomposi t ion w i t h  t ime d u r i n g  i s o t h e r m a l  exposure.  
The tendency of two new foams t o  e x h i b i t  a  s t a b i l i z a t i o n  i n  weight  
Loss i s  i n d i c a t e d  by t h e  middle curve.  The p r e s e n t  3-D foam i n s u l a t i o n  
a l s o  tends  toward weight  s t a b i l i z a t i o n  a s  shown i n  t h e  upper  curve .  
Excess ive  we igh t  l o s s  i n  t h e  foam i s  u n d e s i r a b l e  due t o  a t t e n d a n t  
d e g r a d a t i o n  o f  t h e  s t r e n g t h  and thermal  p r o p e r t i e s ,  It i s  a l s o  p o s s i b l e  
t h a t  t h e  e x p e l l e d  gases  may c o n t r i b u t e  t o  p r e s s u r e  bu i ld -up  which may 
tenc  t o  cause  e i t h e r  debonding of the  foam t o  t h e  t ank  w a l l  o r  t h e  
l i n e r  t o  t h e  foam. Most of t h e  foams tend  t o  expand o r  grow when 
exposed t o  h e a t .  Those foams e x h i b i t i n g  a  t r e n d  toward weigh t  
s t a b i l i z a t i o n  d u r i n g  h e a t i n g  a l s o  e x h i b i t e d  a  d imens iona l  s t a b i l i z a t i o n  
a f t e r  a  prolonged h e a t i n g  c y c l e .  The expansion of t h e  c u r r e n t  S a t u r n  
S-EVB s t a g e  3-D foam a f t e r  h e a t  ggeatment o r  c o n d i t i o n i n g  i s  shown 
i n  f i g u r e  7. Heat cond i t ioned  c u r r e n t  S a t u r n  S-IVB s t a g e  3-D foam 
appeared t o  be u s a b l e  t o  abou t  150°C, F igure  8 shows t h e  expans ion  
c h a r a c t e r i s t i c s  of a  new polyurethane foam both  i n i t i a l l y  and a f t e r  h e a t  
c o n d i t i o n i n g  a t  177OC. This  h e a t  cond i t ioned  foam obvious ly  i s  more 
s t a b l e ,  has  b e t t e r  h i g h  temperature  p r o p e r t i e s  t h a n  h e a t  cond i t ioned  
c u r r e n t  3-D foam, and should be u s a b l e  a t  177°C. 

The s i g n i f i c a n c e  of t h e  expansion of the  foams on 
h e a t i n g  i s  t h a t  the  expans ion  f o r c e s  may be s u f f i c i e n t  t o  cause  s t r u c t u r a l  
f a i  Lure of the  composite (debonding of foam t o  w a l l  o r  l i n e r  t o  foam 
3r b o t h ) .  The weight  and dimensional  s t a b i l i t y  of cond i t ioned  foam 
offers an  i n t e r e s t i n g  and promising a p p l i c a t i o n  f o r  S h u t t l e .  The e f f e c t  
o f  c o n d i t i o n i n g  on thermal  c o n d u c t i v i t y  i s  being e v a l u a t e d  a long  w i t h  
t h e  c a p a b i l i t i e s  of t h e  composite t o  s u r v i v e  thermal  shock and c ryogen ic  
t e m x r a t u r e s  . 

( 2 )  Adhesives 

The fo l lowing  t a r g e t  p r o p e r t i e s  governed t h e  s e l e c t i o n  
of adhes ives  f o r  t h i s  s t u d y :  

(a )  T e n s i l e  bond s t r e n g t h  of a t  l e a s t  6.89 x  l o 5  N / m  
2 

( PO0 p s i )  over  t h e  temperature  range -253 t o  177°C (-423 t o  350°F).  

(b) I n i t i a l  s e t  temperature  a t  49°C (l2OoF) o r  below 

( c )  P o s t  c u r e  temperature  no t  t o  exceed l49OC (300°F) 

(d) Working l i f e  of approx imate ly  5 hours  i n  the  
temperature  range o f  -1.0 t o  15.5"C (30 t o  6O0F)- 

Thc 100 p s i  t e n s i l e  bond s t r e n g t h  requ i rement  is  a b a s e l i n e  d e r i v e d  
f r m  S a t u r n  program e x p e r i e n c e .  The o t h z r  i t ems  w i l l  provide  a  reasonab le  
I n s t a l l a t i o n  p r o c e s s i n g  requ i rement ,  



The s t r e n g t h  c h a r a c t e r i s t i c s ,  the rmal  s t a b i l i t y ,  and 
s o f t e n i n g  p o i n t  of v a r i o u s  adhes ives  were e v a l u a t e d  u s i n g  thermochemical 
a n a l y s e s ,  l a p s h e a r  t e s t s ,  z e r o  load  h e a t i n g  t e s t s  and t e n s i l e  bond 
t e s t s .  Some e f f o r t  has  been expended i n  s t u d y i n g  t h e  a f f e c t s  of 
p r imers ,  a d d i t i v e s ,  and new c a t a l y s t s .  L a t e s t  t e s t i n g  has  c o n c e n t r a t e d  
on t h e  177°C t e n s i l e  bond s t r e n g t h  requirement .  I n  f i g u r e  9 t h e  r e s u l t s  
ob ta ined  w i t h  2 promising cand ida te  adhes ives  w i t h  h e a t  t r e a t e d  3-D 
foam a r e  shown. Also inc luded  a r e  t y p i c a l  d a t a  ob ta ined  over t h e  
temperature  range w i t h  t h e  p r e s e n t  S-IVB 3-D foam i n s u l a t i o n  systern 
(adhes ive ,  3-D foam and l i n e r ) .  Th i s  shows t h a t  t h e  c u r r e n t  3-0 
foam i s  unaccep tab le  and one of t h e  new adhes ives  appears  marg ina l  
a t  177°C. The two new a d h e s i v e s  a l s o  g e n e r a l l y  meet a l l  t h e  o t h e r  
p r e v i o u s l y  l i s t e d  requ i rements  f o r  i n i t i a l  s e t ,  p o s t  c u r e ,  and working 
l i f e .  V e r i f i c a t i o n  of c ryogen ic  s t r e n g t h  p r o p e r t i e s  a r e  i n  p r o g r e s s ,  
A d d i t i o n a l  e f f o r t  w i l l  be conducted t o  s t u d y  t h e  e f f e c t s  o f  a g i n g  
upon repea ted  c y c l i n g  from cryogen ic  t empera tu re  t o  177OC. 

( 3 )  Weight Reduction 

A l l  t he  foams being e v a l u a t e d  a r e  nominal 2 I b / c u ,  f t ,  
d e n s i t y  The foam used i n  producing t h e  c u r r e n t  3-D foam has  a  norn~nal. 

3 3 l b / f t  d e n s i t y .  By u s i n g  a  low d e n s i t y  foam, t h e  we igh t  of t h e  
i n s t a l l e d  i n s u l a t i o n  should d e c r e a s e  by approximately  20-25%, assuming 
no changes i n  t h e  combined weigh t s  of t h e  adhes ive  and l i n e r  o c c u r s ,  

b. Fu ture  P l a n s  

I n  the  development and q u a l i f i c a t i o n  of m a t e r i a l s  and 
t h e  i n s u l a t i o n  system,  maximum use  w i l l  be made of p rev ious  e x p e r i e n c e  
u s i n g  trie 3-D system i n  t h e  Saturn-Apol lo  program. Fu ture  p l a n s  a r e  
a s  fo l lows :  

(1)  F i n a l i z e  m a t e r i a l s  f o r  1 7 7 ' ~  S h u t t l e  i n s u l a t i o n  
(2)  Develop f a b r i c a t i o n  and i n s t a l l a t i o n  p r o c e s s e s  
(3) Perform s t r u c t u r a l  and thermal  v e r i f i c a t i o n  t e s t s  
(4) Q u a l i f y  s e r v i c e  and r e p a i r  p rocedures  
(5) Def ine  t ank  s u r f a c e  p r e p a r a t i o n  requ i rements  
(6 )  Medium s c a l e  t ank  t e s t  t o  demons t ra te  i n s t a l l a t i o n  

p r o c e s s e s  and t o  show t h a t  the  i n s t a l l e d  i n s u l a t i o n  system i s  e f f e c t i v e ,  
r e l i a b l e  and r e u s a b l e  when exposed t o  S h u t t l e  environments .  

B, Gas Layer I n s u l a t i o n  Program 

Another i n s u l a t i o n  system having c e r t a i n  p o t e n t i a l  advan tages  
f o r  use  on the  S h u t t l e  i s  t h e  gas  l a y e r  o r  c a p i l l a r y  i n s u l a t i o n .  T h i s  
sys tem,  c a l l e d  MARCAP by t h e  Mar t in  M a r i e t t a  C o r p o r a t i o n ,  i s  a  unique,  
l i g h t w e i g h t ,  unevacuated,  i n t e r n a l  i n s u l a t i o n  concep t  f o r  c ryogen ic  
f u e l s ,  This  nove l  approach u t i l i z e s  c a p i l l a r y  f o r c e s  t o  p o s i t i o n  a 
gas  l a y e r  between t h e  con ta ined  l i q u i d  cryogen and t h e  t a n k  w a l l .  



Sone o f  the  p o t e n t i a l  advantages  a r e :  low s t r e s s e d  sys tem,  l i g h t w e i g h t ,  
r e u s a b l e ,  and u s a b l e  o v e r  a  wider  t empera tu re  range t h a n  o t h e r  s i m i l a r  
i r s u l a t i o n s ,  I n  a d d i t i o n  t o  t h i s  S h u t t l e  e f f o r t ,  t h e  NASA-Lewis 
Xeseareh Center  h a s  funded a  program (NAS3-12425) t o  develop a  s i m i l a r  
i ~ s u l a t i o n  f o r  c r y o g e n i c a l l y  f u e l e d  a i r c r a f t .  

I ,  D e s c r i p t i o n  o f  the  Gas Layer  o r  C a p i l l i a r y  I n t e r n a l  
I n s u l a t L o n  Sys tem 

a .  Basic  Concept 

The b a s i c  concep t  i s  i l l u s t r a t e d  i n  f i g u r e  10.  It 
c o n s i s t s  of  a  c e l l u l a r  m a t e r i a l  forming d i s c r e t e  and s e p a r a t e  c e l l s  
( such  a s  honeycomb) a t t a c h e d  t o  the  t ank  w a l l ,  and a  c a p i l l i a r y  cover  
membrane a t t a c h e d  t o  t h e  l i q u i d  s i d e  of  the  c e l l u l a r  m a t e r i a l .  Th i s  
ynernbrane i s  p e r f o r a t e d  w i t h  one o r  more openings  p e r  c e l l .  A s t r u c t u r a l l y  
s t a b l e  l i q u i d l g a s  i n t e r f a c e  forms a t  each  of t h e  open ings ,  p r e v e n t i n g  
t h e  e n t r y  of  l i q u i d  i n t o  t h e  c e l l  and t h e r e b y  p o s i t i o n i n g  a - l a y e r  of 
gas  between t h e  l i q u i d  and t h e  t a n k  w a l l .  Because p r e s s u r e  i s  e q u a l i z e d  
across t h i s  i n t e r f a c e  (excep t  f o r  a  v e r y  s m a l l  c a p i l l i a r y  p r e s s u r e  
d i f f e r e n c e ) ,  t h e  system i s  e s s e n t i a l l y  f r e e  of  p r e s s u r e  induced 
s t r u c t u r a l  l o a d i n g .  

F i g u r e  11 shows a n o t h e r  veiw o f  the  g a s  l a y e r  i n s u l a t i o n .  
J h e n  a q u a n t i t y  of  cryogen i s  added t o  the  t a n k ,  t h e  l i q u i d  c o n t a c t s  
5 la n a p ; l l a r y  cover  shown i n  t h e  f i g u r e  on t h e  r i g h t  s i d e ,  The gas  i n  
;he c e l l  c o o l s  and c o n t r a c t s ,  and some l i q u i d  e n t e r s  t h e  c e l l  through 
t?c h o l e ,  where r t  b o i l s .  The g a s ,  produced by b o i l i n g  c ryogens ,  p r e s s u r i z e s  
tic c e l l  and l i q u i d  i s  h e l d  o u t  of  the  c e l l ,  P robab ly  a n  e x c e s s  
of liquid i n t a k e  o c c u r s .  I n  t h e  i n i t i a l  cooldown, t h e  gas  bubb les  
<low from the  c e l l  u n t i l  a l l  t h e  l i q u i d  i s  e v a p o r a t e d .  E q u i l i b r i u m  i s  
then e s t a b l i s h e d  w i t h  a  l i q u i d I g a s  i n t e r f a c e  a t  e a c h  opening.  T h i s  
e q u i l i b r i u m  i s  shown more c l e a r l y  i n  t h e  expanded view on t h e  lower 
L e f t  of f i g u r e  11. When t h e  p r e s s u r e  i n  t h e  t a n k  i s  dec reased  a f t e r  L 

e q u i l i b r i u m  i n t e r f a c e s  have been e s t a b l i s h e d ,  gas  w i l l  bubble from t h e  I 

~ n s u l a t i o n  c e l l s  t o  o b t a i n  a  new s t a t e  of  e q u i l i b r i u m .  R e p r e s s u r i z a t i o n  
I 

aesul-cs  i n  a  sequence of  e v e n t s  s i m i l a r  t o  the  i n i t i a l  cooldown of  the  system.! 

c .  Heat  T r a n s f e r  

When a  g a s  l a y e r  i s  e s t a b l i s h e d  between t h e  l i q u i d  
2nd the t ank  w a l l ,  l i q u i d  conduc t ive  and c o n v e c t i v e  h e a t  t r a n s f e r  i s  
e l r m i n a t e d  i n  t h e  i n s u l a t e d  r e g i o n ,  Gas c o n v e c t i o n  c a n  be minimized 
oy use  o f  a  v e r y  s m a l l  honeycomb c e l l  s i z e  o r  by f i l l i n g  t h e  c e l l s  w i t h  
a r a t e r i a l  t o  r e s t r i c t  gas  f low. Exper ience  shows t h a t  r e d u c t i o n  of  
retl s i z e  t o  c o n t r o l  f r e e  c o n v e c t i o n  i s  i m p r a c t i c a l ,  b u t  t h a t  a  low 
density opaque b a t t i n g  m a t e r i a l  i s  a  conven ien t  means f o r  r e d u c i n g  
c o m e c t i v e  and r a d i a n t  h e a t  t r a n s f e r ,  With c o n v e c t i v e  and r a d i a t i v e  
h ~ d t  t r a n s f e r  minimized,  and because of t h e  s m a l l  s o l i d  c r o s s  s e c t i o n a l  
a r e a  o f  the  honeycomb m a t e r i a l ,  gas  conduc t ion  i s  t h e  pr imary mode of 
h a t  t r a n s f e r .  T e s t s  have i n d i c a t e d  t h a t  a the rmal  c o n d u c t i v i t y  e q u a l  
to thai of  t h e  i n t e r s t i t i a l  gas  can  be c l o s e l y  approximated.  



d .  S t r u c t u r a l  Cons idera t ions  

Since on ly  a  s m a l l  s t a t i c  p r e s s u r e  d i f f e r e n c e  can e x i s t  
a c r o s s  t h e  c a p i l l a r y  i n t e r f a c e ,  t h e  l o a d i n g  a c r o s s  t h e  membrane due 
t o  p r e s s u r e  changes depends on t h e  a r e a  of the  openings and t h e  c e l l  
volume. Rapid p r e s s u r e  c y c l e  t e s t s  t h a t  have been conducted,  a s  w e l l  
a s  a n a l y t i c a l  p r e d i c t i o n s ,  i n d i c a t e  t h a t  t h i s  p r e s s u r e  l o a d i n g  c o n d i t i o n  
i s  n o t  s e v e r e .  I n  a d d i t i o n  t o  t h e s e  two s o u r c e s  o f  p r e s s u r e  l o a d i n g  
on the  s t r u c t u r e ,  t h e r e  i s  a  bouyancy e f f e c t  f o r  c e l l s  mounted on the  
t ank  w a l l .  I n  come c a s e s ,  s l o s h  f o r c e s  may a l s o  c o n s t i t u t e  one of 
the  s i g n i f i c a n t  load ings  on the  i n s u l a t i o n  s t r u c t u r e .  However, under 
no c i rcumstances  i s  the  i n s u l a t i o n  system c a l l e d  on t o  w i t h s t a n d  the 
t a n k  o p e r a t i n g  p r e s s u r e .  Because t h e s e  loads  a r e  s m a l l ,  a  v e r y  Light  
c e l l u l a r  s t r u c t u r e  can be used.  Thermally induced s t r e s s e s  a r e  minimized 
by p rov id ing  f l e x i b l e  members (honeycomb) and e x c e s s  m a t e r i a l  i n  the  
- a p i l l a r y  cover .  Dimpling of t h e  cover  f i l m  i s  r e q u i r e d  f o r  each  c e l l ,  
t h u s ,  making i t  p o s s i b l e  t o  accommodate the rmal ly  induced c o n t r a c t i o n  
and expansion w i t h o u t  induc ing  s i g n i f i c a n t  s t r e s s .  

2 .  

Many m a t e r i a l s  were e v a l u a t e d  and t?umerous t e s t s  des igned  
t o  e s t a b l i s h  t h e  adequacy of gas  l a y e r  i n s u l a t i o n  under expected 
env i ronmenta l  and load c o n d i t i o n s .  S ince  s t r u c t u r a l  i n t e g r i t y  and 
m a t e r i a l  c o m p a t i b i l i t y  a r e  t h e  primary c o n s i d e r a t i o n s  f o r  long term 
r e  l i a b i l i t y ,  e f f o r t  has  been c o n c e n t r a t e d  i n  t h e s e  a r e a s .  

a .  M a t e r i a l s  S e l e c t i o n  

I n  f i g u r e  12 t h e  m a t e r i a l s  under s t u d y  f o r  both  t h e  
a i r c r a f t  and S h u t t l e  i n s u l a t i o n  systems a r e  l i s t e d .  To determine the  
s u i t a b i l i t y  of m a t e r i a l s  t o  the  expected environment ,  a l l  m a t e r i a l s  
were f i r s t  s u b j e c t e d  t o  chermogravimetr ic  a n a l y s i s  and d i f f e r e n t i a l  
scann ing  c a l o r i m e t e r  t e s  t s  t o  determine t h e  t h r e s h o l d  of chemica 1 
changes .  M a t e r i a l s  which showed i n d i c a t i o n s  o f  chemical  changes a t  o r  
below t h e i r  in tended  s e r v i c e  t empera tu res  were d i s q u a l i f i e d .  F i lm 
m a t e r i a l s  which passed t h e s e  t e s t s  were s u b j e c t e d  t o  thermal  expans ion  
and t e n s i l e  t e s t s  over  t h e  a n t i c i p a t e d  s e r v i c e  t empera tu re  range .  These 
t e s t s  were run  both  b e f o r e  and a f t e r  they  were s u b j e c t e d  t o  extended 
thermal  c y c l e  t e s t s  i n  t h e i r  in tended  environments .  The a d h e s i v e s  were 
s u b j e c t e d  t o  t h e  same t e s t s  excep t  l a p s h e a r  t e s t s  were s u b s t i t u t e d  
f o r  t e n s i l e  t e s t s .  

The 177 " C  t empera tu re  requirement  f o r  t h e  Shut  t ke 
allowed a  much wider  c o n s i d e r a t i o n  of m a t e r i a l s  t h a n  t h a t  o f  t h e  
a i r c r a f t  w i t h  a  371°C maximum tempera tu re  requ i rement .  Kapton i s  the  
p r e f e r r e d  honeycomb m a t e r i a l  f o r  bo th  i n s u l a t i o n  systems based on i e s  
low and h igh  t empera tu re  c h a r a c t e r i s t i c s .  Kapton i s  a l s o  the  b e s t  
cover  f i l m  m a t e r i a l  based on s t r e n g t h ,  c o e f f i c i e n t  of expans ion ,  and 
chemical  c o m p a t i b i l i t y .  However, i t  i s  v e r y  d i f f i c u l t  t o  dimple a n d  



cltmpklng of t h e  cover  f i l m  is  r e q u i r e d  t o  minimize thermal  c o n t r a c t i o n  
and expansion s t r e s s e s .  T h e r e f o r e ,  Kapton core  m a t e r i a l  and T e f l o n  
c a p i l l a r y  cover  f i l m  were s e l e c t e d  f o r  t h e  S h u t t l e  i n s u l a t i o n  system. 

A l l  room temperature  c u r i n g  adhes ives  t e s t e d  were 
iocnd t o  be inadequa te  a t  177'C. S e v e r a l  adhes ives  w i t h  e l e v a t e d  
cure t empera tu res  were s a t i s f a c t o r y ,  e . g . ,  epoxy p h e n o l i c  and some 
e p o x i e s ,  An adhesive  f o r  the  177°C S h u t t l e  i n s u l a t i o n  system has  n o t  
y c > t  been found t h a t  meets a l l  p rocess ing  t a r g e t s .  Some of t h e  more 
g r a n i s ~ n g  adhes ives  being i n v e s t i g a t e d  f o r  3-D foam i n s u l a t i o n  a r e  
under  c o n s i d e r a t i o n .  The high temperature  c u r e s  and p o s t  c u r e s  
c e q u i r e d  l o r  t h e  polyimide adhes ives  employed i n  t h e  a i r c r a f t  i n s u l a t i o n  
v ~ r s i o n  e l i m i n a t e  them from the  S h u t t l e  i n s u l a t i o n .  

The m a t e r i a l s  used i n  the  a i r c r a f t  i n s u l a t i o n  can a l s o  
se used  a s  a  h i g h e r  temperature  v e r s i o n  of the  i n s u l a t i o n  f o r  p o t e n t i a l  
use  on advanced S h u t t l e  v e h i c l e s  n o t  l i m i t e d  t o  eluminum a l l o y .  For 
the  a i r c r a f t  i n s u l a t i o n  t h e r e  a r e  about  35 c e l l s / f o o t  i n  the  c o r e .  
For  t h e  S h u t t l e  i t  i s  planned t o  use  on ly  9 c e l l s / f a o t  i n  the c o r e .  
However, r e c e n t  t e s t s  have i n d i c a t e d  t h a t  i t  may be advantageous t o  
use a s m a l l e r  c e l l  s i z e  c o r e  f o r  t h e  S h u t t l e  t o  i n s u r e  an adequate  
bond of t h e  c a p i l l a r y  cover  t o  the  c o r e .  

2 .  S t r u c t u r a l  and Thermal V e r i f i c a t i o n  T e s t  

P r a c t i c a l l y  a l l  s t r u c t u r a l  and thermal  v e r i f i c a t i o n  t e s t s  
tc d a t e  have been performed under t h e  NASA-Lewis Research Cente r  c o n t r a c t  
 sing the  a i r c r a f t  i n s u l a t i o n ,  pending f i n a l  s e l e c t i o n  of an adhes ive  
far the  S h u t t l e  i n s u l a t i o n .  P r e s s u r e  c y c l e  t e s t s  have been run  on 
19-inch diamete r  domes i n s u l a t e d  wi th  the  a i r c r a f t  v e r s i o n  o f  t h e  
i n s u l a t i o n ,  One of t h e  i n s u l a t e d  domes t h a t  h a s  been t e s t e d  i s  shown 
i n  f i g u r e  13 ,  The i n s u l a t e d  dome i s  i n s t a l l e d  on t h e  bottom o f  an  
i n s u l a t e d  double-walled p r e s s u r e  chamber o f  the  t e s t  a p p a r a t u s  i l l u s t r a t e d  
213 f i g u r e  14 ,  E i t h e r  LN, o r  LH2 can be used i n  t h e  t e s t  chamber, a l t h o u g h  
most o f  the  t e s t i n g  has  been done w i t h  LN,. E x t e r n a l  h e a t  i s  a p p l i e d  
t o  the  i n s u l a t e d  dome, and f o r  the  a i r c r a f t  i n s u l a t i o n  t h e  maximum 
t e s t  temperature  i s  371°C. Chamber p r e s s u r e  i s  cyc led  from one atmosphere 
t o  30 p s i g  (2.07 x  105 ~ / m 2  gage) a t  a  r a t e  o f  p r e s s u r e  change of 
50 psi. (3.50 x 105 ~ / m *  ) per  minute.  Repeated p r e s s u r e  c y c l e  t e s t s  
hdve shown no thermal  performance d e g r a d a t i o n  and no debonding o f  
t h e  ~ n s u l a t i o n ,  

I n s u l a t e d  domes have been s u b j e c t e d  t o  140 - d e c i b e l  
a c c o u s t i c a l  v i b r a t i o n s  bo th  be fore  and a f t e r  s e v e r a l  p r e s s u r e  c y c l e  
t e s t s  w i t h o u t  encounte r ing  damage o r  change i n  the rmal  c o n d u c t i v i t y .  

I n s u l a t i o n  specimens have been s u b j e c t e d  t o  thermal  shock 
t es t s  u s i n g  the  t e s t  equipment shown i n  f i g u r e  15,  The s k i n  f o r  the 
a ~ r c r a f t  i n s u l a t i o n  i s  h e a t e d  t o  371°c,  and i s  t h e n  lowered i n t o  l i q u i d  
~ i t r o g e n .  When t h e  s k i n  c o o l s  t o  approximately  room tempera tu re  t h e  
t e s t  sample i s  withdrawn and t h e  c y c l e  i s  r e p e a t e d ,  The time r e q u i r e d  
lor one complete c y c l e  i s  approximately  t h r e e  minu tes ,  Specimens have 
~ ~ d e r g o n e  5000 c y c l e s  w i t h o u t  f a i l u r e .  



c. Fu ture  P lans  

Fu ture  p lans  a r e  a s  fo l lows :  

( I )  F i n a l i z e  m a t e r i a l s  s e l e c t i o n  f o r  177°C S h u t t l e  
i n s u l a t i o n  

(2) Develop f a b r i c a t i o n  and i n s t a l l a t i o n  p rocesses  

(3) Complete s t r u c t u r a l  and thermal  v e s i f  i c a t i o n  t e s t s  

(4) Develop s e r v i c i n g  and r e p a i r  t echn iques  

(5) Def ine  procedures  f o r  t ank  s u r f a c e  p r e p a r a t i o n  

(6)  Conduct medium s c a l e  t ank  t e s t s  w i t h  LH2 s i m u l a t i n g  
p r e s s u r e  c y c l i n g  and aerodynamic h e a t i n g  

(7) Minor e f f o r t  on deve lop ing  343OC i n s u l a t i o n  f o r  
advanced S h u t t l e  v e h i c l e s ,  

CONCLUSIONS 

A ,  3-D Foam I n s u l a t i o n  

1. Use on S h u t t l e  appears  f e a s i b l e  

2.  Development o f  an improved v e r s i o n  u s a b l e  a t  177'C seems L i k e l y  

3.  Procedures  f o r  f a b r i c a t i o n  and i n s t a l l a t i o n  of t h e  i n s u l a t ~ o n  
a r e  a l r e a d y  a v a i l a b l e  from the  S a t u r n  program and a r e  d i r e c t l y  a p p l i c a b l e  
t o  S h u t t l e ,  

B, Gas Layer I n s u l a t i o n  

1, R e s u l t s  t o  d a t e  show concep t  f e a s i b i l i t y  and i n d i c a t e  t h e  
sys tem i s  r e u s a b l e  and r e l i a b l e  

2. Gas l a y e r  i n s u l a t i o n  appears  somewhat l i g h t e r  t h a n  3-D foam 
and w i l l  probably  have a  thermal  c o n d u c t i v i t y  on ly  s l i g h t l y  g r e a t e r  
t h a n  t h a t  o f  t h e  gaseous cryogen 

3. T h i s  g e n e r a l  i n s u l a t i o n  approach appears  usab le  a t  t empera tures  
up t o  343-371°C w i t h  c u r r e n t  a v a i l a b l e  m a t e r i a l s .  
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MATERIALS FOR GAS LAYER I N S U L A E  ON CONCEPTS 

A I R C R d F T  CONCEPT 
3 7 1 ° C  ML9X TEMP 

SHUTTLE CONCEPT 

ADHESIVE (CORE POEYIMIDE 
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NOT F I N A L I Z E D  
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"SHUTTLE CRYOGEN TECHNOLOGY PROGRAM'" 

MRSWALL SPACE FLIGHT CENTER 
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Charles C. Wood 

NASA/Marshall Space Flight Center 
Huntsville~ Alabama 

THE TOTAL SPECTRUM OF ACTIVITY HAS NOT BEEN ADDRESSED 

IN THE EIGHT PRECEDING PAPERS. THIS PAPER WILL IDENTIFY 

OTHER AREAS OF TECHNOLOGY WHICH ARE IN PROCESS WHICH WILL 

BE ADDRESSED LATER AS TANGIBLE RESULTS BECOME MORE 

PLENTIFUL. 



THE TECHNOLOGY PLAN I S  SHOWN. THE MANY AREAS O F  

INVOLVEMENT ARE CONSOLIDATED F O R  CONVENIENCE I N T O  THE 

F I V E  CATEGORIES SHOWN. THE SHUTTLE TECHNOLOGY REQUIRE- 

MENTS SHOULD BE MET BY EARLY 1 9 7 3  WHICH I S  COMPATIBLE 

WITH THE SHUTTLE DEVELOPMENT SCHEDULE. T H E  TECHNOLOGY 

POSTURE I S  MORE FAVORABLE I N  SOME AREAS DUE TO WNDAMENTAL 

TECHNOLOGY PROGRAMS I N  PROGRESS AT SHUTTLE I N C E P T I O N  

AND/OR E A R L I E R  FUNDING FROM THE SHUTTLE TECHNOLOGY PROGRAM. 



MARSHALL SPACE FLIGHT CENTER 

SH 
ENCE at ER 

ACTIVITIES 

Shutt Dev. Schedule 

Pliant Acquisition 

In Prop. Conservation 

G nd/Boost Prop. Conserve 

Systems Integration 



TECmOLOGY PROGRA.MS I N  S I X  A S ALEE 1N PROGRESS OR PLANNED, THE 

AREAS O F  EMPHASIS AND THE BROAD WORK SCHEDULES ARE SHOWN ON CHART 3 .  

ONLY L I M I T E D  TECHNOLOGY PROGRPMS I N  THE COMPONENTS AREA HAVE BEEN 

CONDUCTED S I N C E  THE APOLLO PROG AND THE REQUIREMENTS FOR THE 

APOLLO PROGRAM ARE CONSIDERABLY DIFFEREPJT FROM SHUTTLE REQUIREMENTS, 

TKUS A SUBSTANTIAL TECHNOLOGY ADVANCEMENT I S  NECESSARY. MORE SPEC I F I C S  

CONCERNING THE NEEDS AND THE TECHNOLOGY PROGRAMS FOR THE F I R S T  TWO 

ITEMS,  VACUUM JACKETED DUCTING AND L I F E  T E S T  METHODOLOGY, ARE SHOWN 

ON THE FOLLOWING TWO CHARTS. 
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THREE DIFFERENT APPROACHES ARE UNDERWAY TO I D E N T I F Y  POTENTIAL CANDIDATES FOR 

IN-ORBIT L I Q U I D  HYDROGEN AND OXYGEN STORAGE CONTAINERS - THE GAS PURGED CONCEPT 

O F  MULTI-LAYER INSULATION WHICH HAS BEEN DISCUSSED EXTENSIVELY I N  ONE EARLIER 

PAPER;  THE HARD OUTER SHELL MULTI- INS  (DEWAR TYPE) FJtiICH I S  

ALWAYS EVACUATED AND DOES NOT REQUIRE PURGING DURING REENTRY AND GROUND HOLD; 

THE S E L F  EVACUATED MULTI-LAYER INSULATION CONCEPT WHICH ALSO DOES NOT REQUIRE 

PURGING AND WHICH HAS A FLEXIBLE OUTER SHELL AND U T I L I Z E S  CRY0 PUMPING O F  

CARBON DIOXIDE WITHIN THE INSULATION FOR ESTABLISHING THE REQUIRED VAC 

SUBSTANTIAL INSULATION TECHNOLOGY EFFORT PRECEDED THE SHUTTLE PROGRAM; HO 

THE SHUTTLE PROGRAM INTRODUCED ADDITIONAL REQUIREMENTS. THE SHUTTLE IMPACT ON 

ENTS AND THE SCHEDULE FOR THESE PROG ARE ON CHART 

DETAILS ON THE HARD SHELL INSULATION AND S E L F  EVACUATED PANEL PROG 

SHOWN ON CHARTS 7 AND 8, RESPECTIVELY, 





T H I S  CHART PRIMARILY ADDRESSES THE MSC SPONSORED PROGRAM 

FOR BOTH L I Q U I D  OXYGEN AND PIYDROGEN. A COMPLmENTARY PROG 

SPONSORED BY LERC DEALS MORE S P E C I F I C A L L Y  WITH ESTABLISPIMENT 

+ OF DESIGN P R I N C I P L E S  AND FACTURING METHODS F O P  THE HARD 
IP 
9 
!-b 

-- &- 

OUTER SHELL A S  DISTINGUISHED FROM THE TOTAL TA 



- LEAK DETECTION & REPAIR DIFFICULT 
- WE l GHT PENALTY OF HARD SHELL SYSTEMS 
- LIMITED CYCLE L I  R AND THERMAL PERFORMANCE 

b 

- PROPELLANT LEAKAGE EFFECTS AND PERFORMANCE 

TECHNOLOGY OBJECTIVES 

- DEVELOP LIGHT WEIGHT HARD SHELL* US l NG NOMAXIALUMINUM SANDWICH 

- BU l LD UP PRBTOTY PE SYSTEMS AND TEST 

e PROGRAMPLAN-MILESTONES FY-70 

- DEVELOP1 NG ANALYTI CAL TECHNIQUES 8 

MARSHALL SPACE FLIGHT CENTER 

SCIENCE & ENGINEERING 

- BU I LD REMOVABLE HONEY COMB JACKET & TEST 
CANDIDATE INSULATIONS 

- TEST LOX PROTOTYPE INSULATION SYSTEM 

TECHNOLOGY PROBLEMS 

HARD SHELL INSULATION 

- TEST LH2 PROTOTYPE l NSULATION SYSTEM 

LAB: 

NAME: C. C.  WOO^ 
DATE: 4-7-71 

I * LeRC EMPHAS l S ON HARD SHELL DWELOPMENT I 
' .  - -  . - .  - WART No. .. - - .. . - .. 3 -  . --,- =* . -* =P= .. . = -: 
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