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ABSTRACT

Cryogenic storage systems for the extended space missions of
the future will require more fluid capacity than current systems, and
thus new design and development technigues will need to be evaluated,

This report describes the results of the third phase of a program
to investigate high performance external insulation systems {or use on
flight weight cryogenic gas storage systems. tExternal insu'!ation“
here means anything added toa cryogenic storage system for the purpose
of thermally protecting it from ilfs environmcnt’. This definition exludes
the vacuum annulus of a dewar. The ?iuids stored arc hydrogen and
oxygen.

The result 'of the first phase of the program was a Bibliography/
&nyopses,/(r}ategcry Report of external insulation systcma' In the second
phase, cach GE the efforts referenced in t’ne Bibliography was rescarched

“in de‘pth to determine which of the concepts had the most promise for use
and/pr future development.

Five {5} cence{}és, considered Lo be the most promising bascd
on thc'rmal characteristics, applicability for the intended use, maintaine

ability, reliability, and other factors considered pertinent were chosen

for further evaluation &{xring the third portion of the program.



In the third program phase, just coniplc.tcd, preliminary thermal
a.nalysis; support analysis, producibility, operability and other faciors
were considered for the five systems. Three systems, a shingle with
substrate, fiberglase, and blanket, were choscen for detailed analysia
in the fourth phase. Development work on mathematical models for
that analysis i..s nearly completed, and summaries of the mathematical

models and programming are presented,

[y
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1.0 INTRCDUCTION

As a conseguence of the exhaustive survey of external insulation
thhr;ulogy complct;:& in the {irst phase of_ this stady, it has been possible
tc examine completlely the methods and materials used in the design
and construction of %xternal. insulation systems. In light of this exam«
ination, work was begun to develop new methods fc‘)r the design and per-
formance evaluation of theSc‘ systems, In the second phase of the study,
the first of these methods was used to measure various systems against
required or desired performance characterist-icé. Thlf; results of that work
were twofold: a new evaluation fechnigue 'suitiablc for apptication Lo many
| technologics was developed and demo;lstmtf:d, and five promising external
insulation sy\ste’ms were selected for farther stuciy.. |

. The third progra’:;m phase, who‘se completion' is marked by this
report, has seen t:he devielopmeht of additional hew evaluation technigues,
'.anci éhe accomplishment of significant further research concerning _
the properties and performance characteristics of the five selected systems,
Hence this report }'epre'sents a preliminary exposition of a compre=
hensive approach for evalua-ting external insulan:cn systems., 1t is a
precursor to the external insulation design reference manual which will

result from the refinement of these technigues and the thorough parametric

study to be performed in the {inal program phase.



2.0 THE FIVE SELECTED MATERIALS/CONCEPTS

Below are basic, simplified descriptions of the five external
insulation systems selected for further evaluation and study during the
Initial Study (Phase II) of this program. The descriptions, repreduced
from the Initial S'l;udy Report, provide t}le basic framework of refe.rc-.nce

for analysis and evaluation performed in Section 3.0 of this report.
2.1 SHORT TERM INSULATIONS

The short term mission requires the us'age of large quantitics of
.cryogen in 6 hours or less; thercfore, from both time and surface
to volume ratio viewpoints, thermal performance requirements are
necessary but‘ tlow. Since virtually all the insulations considered
can achieve this performance at moderate weight per unit arca, mounting,
environmental capability, reusability and weight ‘bcconﬁe heavily weighted
factc;rs comp;red to repeatability and reliability. Superinsulations in

general were omitted because of their extreme complexity and installation

difficulties when used on very large tankage
2.1.1 Coated Shingles on a Substrate

" A substrate of about one inch of fiberglass matting, foam or
cork is applied di.rectly to the tank wall., A purge bag surroum.is l.hc‘:
substrate and metal coated plastic film shinéles are applied by taping or
bond.ir'lg .t};e 'upper' end to the purge bag. Nylon net or c:)rd, or a second

purge bag encloses the outer ends of the shingles,



The substrate provides adequate ground hold thermal performance
af: a-minimum wcigi;t b;zcausc the shingles limit radiative and convective
heat inputs. The sublayer also eliminates potentially hazardous air
cryoi)umping and fra.ctionation in the insulation., The shingled super-
insulation permits very rapid gas expulsion rates which enhances the
launch .envir‘onmental capability of gas {illed superinsulation. The
shingles are mounted in the vertical plane to provide maximum support
in the direction of maximum "g' and other launch loads. Rapid pump
.out rates due to direct gas flow passages from the tank {o its external
surface ensure good thermal performance when the space environment
is reachc?d.

T‘he\substrate must be purged but its required volum.c is reduced
greatly ‘by- the presence of the shingles, The purge bag is protected
from me;:hanical damage by the e:asil;,r repl‘aceablc shingles, Locally
damaged areais are easily accessible and local t;Ilcrmal performance
d;agradation ‘does not propagate throughout the v.;holc system,

Shi.r'lgles may be.prefabricated and stored, shipped and moun;,cd in
muLtl-Layér subass embli‘.es. Spécial shapes and cutouts may be precut
a nd {fitted to the tankage by adjusting their mounting location at inst{allation

time, They :require a minimum of skill and precision for installation or

re~installation, They may be shop or launch pad mounted.



2.1.2 Fiberglass

Fiberglass may be bonded directly to the tanka.gc‘in the matting
fc;rm or spiral wrapped in the fibrous f‘o:.f'm. The matted type requires
a glass cloth external Ia'yer to provide mechanical strength., Generally,
purg.ing is re.quired to eliminate air and water vapor absorption.

The material is applied ina great enouéh’ thickness to insure
adeguate grou.nd hold performance. This mater-iat is relatively imper-
mea;ble to gases s0 its _pc»:rformance is not degraded as greatly as most
insulatior'ms, ;vhen p‘urging is used. Varying amounts c;f epoxy filler may
be added -ai‘, the outer surface to tailor the toughnéss and mechanical
strength for resis'tin_g damage and flight eavironments. This material
is capable of withstanding ;'elatively high ter:znperatures so it will require
less protection for launch and re-entry heati.ng than any of the other
alter_napives considered. In space, its thermal performance is not as
great as the radiat-ion shield type insulations, but is adequate for short
missions. This material is quite. resistant to damage duc to its tough=-
ﬁess_ but it may be difficult to repair since it is an integrally bonded
structure. The purge bag is more vulnerable and of larger volume than

that used for shingles with substrate.



2.2 INTERMEDIATE TERM INSULATIONS

V’I‘his mission requi'rcs a 6 hour to 20 day operating cycle and a
high proé:ability of ‘being rcu.%ed for several missions. These ‘rcquirc-
ments represent a combination of the shcri': and long term in'sut::tion
characteristics. In particular, the insulation must survive lannch while
providing ac?equate t;hez'mza:i protection, it: must achieve its ultimate
space performance rapidly, and it must be designed for casein maine-
tenance and refurbishment. Several of the long term storage insulations
can be used here but the most attractive system utilizes shingles, which
are unsuitable for long term storage. It shouid. be noted that the shingles
de::;cribed for short term storage are equally useful when used wiLho-uL

the substrate. Because that system was sclected carlicr, it will not

be selected as an intermediate term insulation. )
2.2.1 Coated Reflective Shingles with Embossed or Tufted Spacers

L'015 INSNIALI0ON 1S WARE UP UL MULLIPIC IULICLLIVE 16yG: 3 we
's};ingies with special spacers lo minirr;ize gas trapping. The spacers
may be an embossed (bumpy) reflector {Dimpla-r), embossed fiberglass
(Marshieiéﬂ}, or tufts of Dacron thread bonded to the reflector (Super-
.fi‘ec,k). It is ¢nclosed in a purge bag.

This i‘nsulation shares the'advazit‘ages of the shingled insulation

discussed under short term missions. Differences between these



insulations include an extremely rapid pump down to minimize launch
damagc- due to depressurization and 1o achieve maximum 'pcrformn;\cc

in space in a minimum time. Its space pcrfoi-mance for a given weight
is not degraded by the low performance sablayer but its ground p'cr—
formance is decreafcd by the prescnce of purge gas in the open space
between shields., Al.so, the purge bag must be mounted on an external
surface, where it is susceptible to handling damage. Shingle mounting
and minimization of spacer mater-ial makes it very easy to maintain

and refurbish. The materials involved are tc;ugl1 and nol easily damaged,

so good useful life can be achieved without excessive precautions.
2.3 LONG TERM STORAGE

This mission requirc;s 'maximum thermal performance in space
while ground hold and launch performanée become relatively insignificant.
Since performance is to be maximize d, the rci)eatability in achiceving &
known performance is very important to the success of a given mission.
Large variatic‘ms in performance [rom one tank to the next would not
be tolerable. A'lscé, the system must withstand t]';c environment with no

or at least predictable degradation to assure the desired mission

lifetime.



2.3.1 Blankets of Coated Reflectors-with Net Spacers

This insulation is made up of metal coated plastic films separated
by.nylon net spacers. Blankets or panels of these materials are laid

up and sewn together into a guilted configuration., Edges of a given

rd

blanket are interleaved with ad_joining oncs when the system is inslalled,
Various mechanical fastencrs, such as buttons or clips, are used to
su’pport the system. A vacuum or purge bag eancloses the system.

The space environment performance of this insulation ::. very
high when it it e';racuated internally. -Its weight is very low. System
ﬁtimp down tifne is not as short as for shingled insulation due to the
tortuocus pas flow paths but it does not suffer from lateral conductive
heat leak direcily to.the tank. The seams between blankets permit much
eaéier- purr-xp down than a cfonti.rluous wrapping of insulation. Nylon nct
is not only a very ruggec.i and flexible spacer, but it does not ou-tgas
significantly and is quitc. permea-ble to gas flow.

Ground hold performance and maintainability are limited by the
re'quirem.en't of puw;gin‘g or evacualion to limit air cryopumping and its
attenda‘nt ther;-nal and hazard penalties. Maintenance requirements

are not great because blankets are easily prefabricated and fitted and

may be replaced a section at a time.,



Since the blankets can be prefabricated, repeatability can be

controlled quite closely, Also, penctrations can be pre-designed and

1
.

fitteci as required in L‘hc mounting operation, Finally, this cor.afiguraLion
is ideal for pcrform{r;g meaningﬁ;l laboratoryitests which closely
éepresent the mounted insulation.

Metallic foils are extremely“susceptable to mechanical damage

when used in this system. As well, their increased lateral conductivity

resulls in much poorer repeatability of joint and penctration designs,
2.3.2 Continuous«Wrapped Coated Reflectors with Net Spacers

This sy;tem utilizes the same insulating materials as the
-previo.us.ly described sys‘tem, except lin seamless form. Th'is requires
a vacuum bag. |

By eliminating the seams,‘ the t_herr;ial performance is theoreli-
cally higher a‘nd the minimization of mounting fixtures reduces its weight,
This scheme‘..is difficult to fabrica'tc. compared i;o blankets because of the
conlinuous wrapping required. Pump down is grca.tly inhibited by th'c
lack of ga-s flow p;ths from inner layers to thc. surface. This mcans
_that a flexible outer va;uum bag is required so that the insulation can be
pm;nped mechanically on the ground. Vacuum shrouds are extremely.
susceptable ‘to dama:ge and difficult to repair. In addition, any damaged

insulating material is hard to replace.
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£Fe Florinaneye repeatability 1s hard to achicve with this insulatiun.

*

H o3 n O 1 L] H . T
Ca,ex waeh penetration must be accommodated individually during

2o gietioa and the system usuvally cannot be prefabricated by shop

P edares. Continddusly-wrapped insulations ane difficult to support

as iy as blankets and thus may shiit and/or be damaged during
g¥v. «d hold and boost.

The primary reason for inciuding this insulation scheme is to
accue.smodate small ((~ 5 ft3) tankage which must be inciuded in the
long erm storage category. This form of insulation is necessary, since
small curvature radii are not easily covered with blanket syst‘cm-s..

Second, small tanks require a high.ly efficient protection system duc

‘to their large surface to volume ratio. Third, careful hand instaliation

~

becomes feasible for these smaller tanks, and vacuum bags for these

volumes are not difficult to maintain. Generally once seam is permitted

at the cquator of the small tank under this '"continuous alternative'.

.

3.0 INTERIM STUDY PROGRAM

3.1 REQUIREMENTS

A noted earlier, this report is intended to be an intermediatle
step in the development of definitive results from the evaluation of a
fevw selected external insulation systems, a.ccording to criteria set
foFth in the Initial Study Report and Statement of Work of Contract

NAS9-10583. Those evaluation criteria are reproduced in Table I *



through VIII. The first step in the evaluation procedure was completed
in the Initial Study Program phase by x;‘xéking ratings of the various ex-
ternal insulation Sy.rstems according t-o these criteria, Inthe phase

of the study just cofnpleted, the sclected systems have buen subjected

to prclfminary thermal and structural analysis, with particular attention
paid to system perfo:‘cmanée under varying environmental conditions,
producibilit‘y, and areas of éossiblc performance improvement, The

Ll
results are presented in tables, drawings and discussion which clucidate
further the properties and development possibilities of the selected
systems, Using the res‘ults of this study, a comprchensive approach
for external insulation systems evaluation has been conceived, and is
‘outli:ned in Appendix A,
Three systems, selected on the basis of the above mentioned

criteria and on the results of this ﬁreliminary analysis, will be
-subjected to a complete parametric analysis using this approach. The

process and basis used for the selection of these three systems is

deseribed in Section 4. 0.

3.3 TANKAGE DESIGN FOR PRELIMINARY STUDY

Fi;.re tank sizes {32, C‘a’OO, IZ,GGG; 2,000, 100, and 5 ftg} have
been sclected from those listed in 1;11;: work statement for p:r.cli;*ninary
insulation evaiuation and 'ahalysis, The sizes were sclected to be
'fepresentati\;c of the range and extremes of the dc‘s ired mission

requirements. Both snherical tanks and cylindrical tanks with spherical

1o



TABLE I

PARAMETRIC STUDY GUIDELINES

Cryogenic storage of hydrogen and oxygen only.

No external cooling available (¢.g., refrigeration,)

Vapor cooling by contained cryogen permnissable,

Throttling devices not permissable (e.g., Joule-Thomson throttling. }

Hemispherical heads on cylindrical tanks,

Sufficient parameters should be chosen so that the results of the study
can be utilized as a design reference manual and as a useful tool for
the determination of required future development arcas:
San.mple'calculatio;xs, where necessary for technical comprehension or

beneficial for extending the study limits, shall be included with the

report on the results of the para}netric study,

11



TABLE I

PARAMETRIC STUDY AREAS OF CONSIDERATION

Short Term - 0 to & hours including ground hold anu povat.

-

I Crxog.en . : Pressﬁrc, psia Volume liange, (13
0, 40 4000 to 12, 000
H, 40 4000 to 37,000

Long Term - 7 days to 6 months including ground hold, boost, and space

- storage
. . _' 3
Cryogen . Pressure, psia Volume Range, ft

.0, 40 5 to 5000

HZ 40 5 to 5000

E_nvironments:
Ground hold - 7 = 70°F
P = 14.7 psia
.'Rnnc:f _ - T = 7OOF
= 14,7 psia to 0.5 psia
in 100 scconds

’Space Storage - T = 70°F
’ 7

=10 ' torr

12



TABLE 111

REQUIRED PARAMETERS FOR PARAMETRIC STUDY

1, The parametric study.shall include; but not be Hmited 1o, an opi-
p&ization for insulation thi-ckness, insulation weight, tank L/D ratio,
E;.nd heat leak for each insulation concept for cach of the following
volumes:
2. Oxygen and Hydrogen -~ Long Term slorage
Volume, £t° -- 5, 20, 50, 100, 200, 500, 1000,
;200{%, 3000, 4000, and 5000,
b. . Oxygen -~ Short Term Storage
Volume, {t3 -- 4000, 5000, 6000, 8000, 10,000,
and 12, 000.
¢.” Hydrogen -~ S?xort Tc—frm Sto‘ragc
“Vo.‘tume, ft3 -- 4000 5000 6000, 8000, 12,000,
15,000, 21 000, 26,000 ahd 32, 000,
Z. The parametric study shall include a ranking of the three insulation
concepts chosen %or the fmal phase of the program, The three mau}aiaos
concepts shall be compared on a paramef.rzc basis by a method that will
substantiate the relat'ive. ranking c;f the insulation concepts,
3; Any o‘f.her paramet(::r.s considered pertinent and/or necessary for the

evaluatinn of tha thrae insulation concents shall be included in the parametric

study.

13
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14,

TABLE IV

CONCEPT SELECTION CRITERIA

. - Operabuuy

Reliability

Ma intainabiiity
Maintenance requiren;aents
Groun‘do«hold requii‘ements
Useful life

Reusability

Susceptibility to ground-hold, boost, and spaceflight
environments

Adaptability to mounting within 2 spacecraft
Reguired deveclopment

_Shelf life

Weight

Cost

Ground support requirements
CONCEDT SELECTION CRITERIA

Table VI, which follows, contains the final choice of concept

selection criteria. They were chosen {rom the previous tables, {rom

new information learned in the course of the study, and in cooperation

with the technical contract monitor.

14
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t4,

TABLE V

CONCEPT SELECTION CRITERTA

. Thermal periormance

Susceptibility to ground-hold,
Useful life
Required development

Weight

Reusability and refurbishment possibilities

Gr ound-hold r equirements

Reliability
Mainfainability

Operability

Adaptability to mounting in a spacecraft

Lab vs. installed consistency

Cost

boost, and spaceflight environments

lRepeatability of installed insulation

.15
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TABLE VI
PRIORITY RANKING

SHORT TERM 0 -~ 6 HOURS

1. Susceptibility to ground-hold, boost and
-gpaceflight environment

2. ﬁeuseabmty_

3. ‘Thermal Performance

.4, Adaptability to meunti-ng in a spacecraft
5. ‘Weigh‘c

6.- Useful life

7. Ground-hold requirements

8. Maix;tainébmty

* 9,- Required development

10. Reliability

11, Repeatabilllty of installed perfommance
12. Operability
13. Lab vs, installed performance

14, Cost

#These properties are "must" category

16

CWeight
Factor
15
15
15
15
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TABLE VI

PRIORITY RANKING -

INTERMEDIATE (ORBITER TYPE MISSION) 6 HOURS TO 20 DAYS

*#1, Thermal periormance

%2, Susceptibility to ground-hold, boost, and
spaceflight environments

#3, Recuseability

w4, Maintainabi}ity

#*5, Useful life

.6, Weight

1. Repeatibility of installed performance
8. -Ground-hold requirements
9. Reliability

10. _'operabnity

11, Adaptability to mounting in a spacecralt

"12. Reguired deve1‘0pr.pent

13. Laboratory.vs. installed performance

14, Cost

¥These pr0pertiés are "must' category

17

Waoiphty
Factor

15

15
15

15
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TABLE - VIII
PRIORITY RANKING

LONG TERM 20 DAY. -~ 6 MONTHS

#1, Thermal perfdrmance
#2. Useful lifa
#3, Repeatability of installed performance

*4, Susceptibilii:y to ground-hold, boost, and
spaceflight environments’ -

5. Ground-hold reguirements
6. Operability
"?. Weight °
8. Adaptability to mounting in a spacecraft
9. Reliability
10. .Maintainability
11, Reguired development
12. Reuseability
13. XLab vs. installed performance

14, Cost

*These properties are "must” category

18

Weight
Factor

15
15

15

15

10



head designs have b(eerf considered for the three intermediate sizes,
whi'le.'only the cylindrical design is conéiéel:cd for t};c largest tan};

an.ci a spherical design is selected for the 5 cubic foot tank, Spherical
.hca;ds rathér than the more economical flattened (torilsphcrica.l, cte. )
shapes have been used in this preliminary study.as they were specified
as a ground rule in th'e Contract. Cylindrical diameters of 5, 10, 20 and
33 fecet have.been' used wherever t:ank length ‘d.oes not excecd several
hundred feet., In total, cleven tanks are considered for both hydrogen
and oxygen.

Each tank has been sized roughly to provide design loads for
cstablishing a support system. Arbitrarily, 347 stainless stecl with
an-ultimate strength -of 128,000 psi has been used in the tank siructural

.°ca1c:}11ations. A design factor of 1.5 on UTS has been used. Tank.wall
thicknesses were_cglculated for 60 psi internal pressure and a;'x ullagc‘
- volume of 10 percent. Tank wall weights were increased by 20 percent
to account for s.tiffeners and an addi;:ional 50 percent was added t-o the
oxygen tanks to ‘account for the inertial load carrying capability, (this
may include local doublers, stiffenex s and loading rings, cte.). 'I:alalc I
summarizes the tank design information,

’I;his load information was used to size the tank supports, The
" support design has been based on the study reported in 1\’/’.5!&-?{?1 sum-
marized in the Bibliography/S;rnposcs/Category report, Dascd on

this report, {ilament wound fiberglass struts have been sclected. Six

lAll references arc reporied in the form used in the Bibliogruphy/.‘:}ynposcs/

Catcpgory report. Sce page 98 for a comprehensive list of these refercences.
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struts have been used 10T SPRCEFICAL LANKS auu vy sanurical tanks with
cylinder lcn.gths less t}{z;n 2.5 feet, Longer c;,_rlind‘rical tanks use twelve
supports as indicated schematically in Figure 1. The planc of each
pair of supports is inclined outward 10 degrecs fr;am the vcrtica-l to
provide support for lateral loads. The detail construction of these
-supports is given in NASA-37 and is shown in Figure 2. The supports
have been d'esig—ned for a combined acceleration and vibration load of
8.5 G downward (tension and 3.5 G upward (compression) using the

following equations:z

g/g, (Wy/n)

-+
cos 10 cos 48
-Ft = 2 4
: (do® - ai%)
3 4 4
P _ E(do - di )
cr

64 1%

W = static load

n = number of supports

g = acceleration

do = 0.D. of support

di = I.D. of support

L = length of support

.‘E‘t = tensile stress (UTS = 140, 000 psi)
I = elastic modulus 5.4 x 10° psi

P,.. = critical buckling stress

r

ZA design safety factor for UTS of 1.5 is used.

20



~These equations have been solved simultancously for the support
diameters using 1cng:ths of‘1.5 and 3 feet. The results ;u.-c shown in
Table 1 where the design giving a minimum arca to length ratio has
been selected for"ez.xch tank.

Fill and vent lines have been sized to cool down und {ill the
32,000 and 12,000 ft3'ta.nk's in 1/2 hour with a maximum pressure head
of 40 psi i.n 20 feet. The vent pipe has a pressure drop less than 5 psi
-in_ 3 fect. The s'malllezl tank lines were sized to fill in 1/4 hour. All
iwall thicknesses are the minimuam available in the required size.
Usage lines have been sized accordi;ﬁg o an assumed mission profile
as follows. Short term missions were assumed to use all the eryogens
in 1/2 hour \while the mid«term (6 hour to 7 days) tankage was emptied
in2 hou-rs total. The long term miss-ion was assumaead to giroxridc a’
continuous fl;)w for 3 months, All 1:156 lines were sized for pressure drop
'less than one atmosphere in a 20 foot line, T-he va?-ious pipes are summarized
in Table‘ ];X. In addition to the plumbing shown in the table, cach tank

over 5,000 ft?’, is assumed to include two 1/2'" thin wall instrumentation

conduits. .f—\fll smaller tanks have cone conduit g:alch.

21



Nominal Volume
Configuration

Head Thickness, in
Cylindexr Thickness, in

Structural Wcighzt, H> /0, (1bs)

Surface Arca, ft
Spherical Radius, ft
Cylinder Length, it
Loaded St Hp, lbs.
Loaded Wt 0y, Ibs.
Support OD, in, Hy/0;
Support 1D, in, H,/0
Support Length, in, HZ/O2
Number of supports

1 Fill Pipe, in, HZ/OZ

1 Vent Pipe, in, H/0,

1,2 Use line, in

TABLE IX

TANK DESIGN SUMMARY

©32,000 t>
20 ft eyl
0. 0495
0.105
11090/16650
7407 '

98
152,590
2,276, 650
3.81/7.5
3.5/5
36/36

12

4p/bp
5p/8p

7 ps

p= pipe size, T
s

33 ft eyl
0.0817
0.173

16280/24500
5440 '

15.9 .
157,780
2,284,500
3,75/7.5
3/5

36/36

12

4p/6p
5p/8p -

7 ps

= tube size
= short term, M = Mid~term, L =

12,000 1>
Spherical
0.073 .

9800/14700
2700 . |
14,7

62,800

. 864, 700
3.3/7
3/5
36/36
6
3p/4p
4p/5p
dps. Zpm

long term

10 ft cyl
0.0248
0.0526
1585/11350
5844

.76
), 585
51, 350
1/6.5
0/5.5
/36

/4p
3/ 5p

38, Zpm

20 {t cyl
0.0495
0.105
5470/8200
3092

29 .
58, 470
858,200
4.1/6,5
4,0/5,5
36/36

12 .
Iip/4p
4p/5p
dps, 2pm



L.

Nominal Volume
Configuration
Head Thickness, in
Cylinder Thickness, in
Structural Weight, H,/0, (lbs)
Surface Area, £t2
Spherical Radius, ft
Cylinder Length, ft
Loaded St Hp, lbs.
Loaded St 05, lbs.
Support OD, in, H2/0;
Support ID, in, HZ/OZ
Support Length, in, H,/0,
Number of Suppornts
Fill Pipe, in, HZ/O _
Vent Pipe, in, H?./Bz
y2- Use line, in

1. p = pipe size,

2. s = short term, M= Mid-tcrm,. L= long term

TABLE IX

TANK DESIGN SUMMARY

2,000 ft3
Spherical
0. 0403 .

1640/2450
825

811

10, 460
143,950
2.6/4.5
2.5/4.0

36/36

6

2T /3P
" 2P /4P

ITM, 1/4TL

T = tube size

5 ftocyl
0.0124
0.0263
2358/3540

-1858

113
11,178 .
145, 040
2.04/5.2
2.00/5.0
18/36

12

L2T/3P

2P/4P
1TM, 1/4TL

10 £t cyl
0.0248

. 0.0526

1268/1900
994

21,5

10, 088

143, 400
1.6/4.5
1.5/4.0
18/36

12

2T/3P
2P/4P
1TM, 1/4TL

‘100 £t3

Spherical
0.0148

g1/122 .
110.2

- 2.98

522
7202
2.01/2.08
2.00/2.00
36/18

6

~IT/1.5T

1.25T/27T
1/4TL

S5 it eyl
0.0124
0.0263
98,18
117.3

z.47
539

7228 _
2.01/2.05
2.00/2.00
36518

6

1T/1.57
1.25T /2T
1/4TL

5 ft3

. Sphcricnl‘

0.00547 -

26

360
0.76/1.26
0.75/1.25
36/36

6
14871727
3/8T/5/87
1/4TL



TADBLE .

APPROXIMATE INSULATION WEIGHT

Tanks/Insulation Weight
3 1bs,
32,000 {t
33 £, Cya 4080
20 ft cyl 56060
12, 000 ft3
20 ft cyl 2360
10 ftcyl 4480
spherical 2060
2,000 3
10 ft eyl 760
" 8§ ft eyl 1420
spherical A30
100 ft°
5 ft cyl 89.4
spherical 84.0
5 gt
spherical 11.6
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Tanks /
Insulations

3

32, 000 ft
33 ft eyl
20 fi eyl

12, 000 £t

20 it eyl
10 ft cyl

spherical *

2000 £1°
10 ft cyl
.5 it cyl
spiécrical
100 £t
5 it cyl
spherical
5 ft
spherical

Fiberglass
Hyp G2,
162,000 121,000
220,000 164,000
91,000 68,500
173,000 129,500
80,000 60, 000
29,500 22,000
54,900 41,100
24,400 18,300 °
3,460 2,640
3,250 2,440
449 T 337

TABLE X1

GROUND-PURGED THERMAL PERFORMANGE, BTU/hour

Hs

92, 200
125,500

52, 200
99, 000
45, 800

16, 850
31,400

14, 000

1, 980
1,860

257

Fiberglass-
Shingles

.02

68, 800

- 93,500

38,900
73,700
34,000

12,500
23,400
10,400

1,470

1,390

192

, Dimplar

Shingles-

H,

180,000
244,000

101,500
192,500
89,000

32,800

61,200 °

27,200

3,870
3,640

500

O,
147,500
200, 000

83,500
158,000
73,000

26,900
50, 000
22,300

3,170
2,980

411

Net Spaced
Blankets
H, 0,

359,000 295, 000
488, 000 400, 000
" 204,000 167,000
385,000 317,000
178, 600G 146, 000
65, 500 54, 000
122,000 100, 500
54, 200 44, 700
7,700 6, 320
T, 250 5, 980
i, 000 823

Continuous

H, -

359, 000

488, 000

204, 000
285, 600
178, 000

65, 5060
122, 000
54, 200

7, 700
7,250

1, 000

Oz

295, 000
400, 000

167, 000
317,000
116,000

b4, 000

*100; 500
44,700

6,320
5,380

823



TABLE XII

SPACE EVACUATED THERMAL PERFORMANCE, BTU/hr

Tanks/ Fiberglass
: H O
2 2

32,000 £t> : |
33 ft cyl 10,750 8020
20 ft c3y1 14, 600 10,900

12,000 ft

# 20 ft cyls/m 6090 4546

# 10 ft eyls/m 11,500 8620

% spherical s/m 5310 3970

2,000 &> ‘

* 10 ft cyl m/1 1960 1460
5 £t eyl 3650 2730
sptécrical , 1625 1210

100 ft
5 ft cyl 233 177
spherical 219 165

5 ft3
spherical 31 24

Fiberglass-
Shingles

H, O
1042 887
1633 1329
597/ 477/
591 472
1191/ 937/
1184 932
240/ 230/
234 225
220/ 184/
218 183
381 316
208 187
38 32
22 22
?bs 9'2

Dimplar
Shingles

H

1999
3219

1104/
1098
2317/
2311
3757
371

418/
417
724
406

61
26

7.1

2

1592
2502 .

851/
847
1781/
1771
330/
325%

333/
332
570
324

52
26

8.9

s = short term storage, m = mid-range storage, .1 = long term storage

Net Spaced

Blankets
H, O,

223 276
254 . 302
124/ 124/
118 119
210/ 210/
204 206
126/ » 144/
122 139
47 / 56/
46 54
74 85
46 67
15 16

R - . o

e - -

Continuous

O ]

[ ey

wwwww

mmmmm

-----

- e -
-
L

-

——

uuuuu

16,75
16,35

7.51



TABLE XIII
APPROXIMATE EVACUATION TIME

100 seccond launch period)
(to 107~ mm Hg, to optimize performance)

Fiberglass 10 min
Tiberglass & shingles 20 min
Dimplar shinéles 10 min
Net blankets‘ 750 min
Continuous 1120 min
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Se3 CUMPARISON OF THE MATERIALS/CONCEPT
5.3.1 Thermal Analysis

Each of the insulation systems-described in Section 2 has
been ev§luated to. determine its thermal performance characteristics,
An insulation design has been fitted to each of the tank Systems described
in ‘Section 3: 2 A preliminary thermal aﬁalysis has been accomplished
for cach system to provide a basis for evaluating the relative merits
of each insulation and the effects of tank design. This scction briefly

describes this study.

Insulaiion System Design

A design has been established for each insulation system which -
results in icientical insulation weight penalties. Table 10 lists the
installed insulation weight for each of the tanks under investigation.

The listed weights are representative of 3 inches o‘fonc side aluminized
Mylar shingle;.s mounted.on 1‘-1/2 inches of i'ibc_rgiass sublayer. All

the other systems were aesigned to weigh the same so that their thermal
performance can be compared directly,

Shingle systems have been designed to minimize the number
>f joints which cause thermal degradation. FEach shingle is 4 feet long
ind wide er;ough to 'surround the tank in one piece. These dimensions
vere sclcct;::d_to permit the use of readily available 4 foot wide rolls

of aluminized Mylar,
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Each shingle in the substrate system is made up of 70 layers
of crinkilc'd reflector without spacers. Tl;esc laycr‘s are bonded t(:;chthcr
an;IAtO the_‘substrate. purge bag'at their upper ends usiﬁg a continuous
.bor;d linc adhesive. Shingles axrec tiered 3 decp at all points, providing
210 layers of insulation standing about 3 inches-; high. The one seam
required for cach shin‘gle is made into a 6 inch lap joint. The secam
locationé for- various shingle layers are indexed about the tank to
eliminate any direct r‘adiation windows between the tank and its' surroundings,
The shinglés are used over the _entire.tank except the two polar regions
where circular disc caps are'utilized. A _1ight weight open mesh of dacron,
netting chcompas'ses the shingles to 'providc. control of shiné_lc location
without appreciably c.ompres sing the material,

-

Tthxe fiberglass substrate and the fibcrglasé only insulations
~are made of 3 1b/ft3}ﬁberglass a1t bonded directly to the tank wall,
Enough epoxy resin is impregnated into the felts to assure structural
integrity. An open weave fabric bonded dix.-ectly to the fibcrgl'ass.
' provides a rqlatively porous (casy to evacuate) purge bag. Thirs region
is purged with helium during cold tank ground hold to eliminate air
condensation in the:.a insulation. 1~1/2 inches of fiberglass is used

in the sublayer insulation while 3 inches is us ed for the fiberglass alone

“insulation.
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Dimplar, embossed both sides aluminized Mylar,-bas been
select:cd for the m):.d-:range mission analysis. The umbo.‘s:‘:c;i patterns
in this material provide integral spacers between reflective layers to
facilitate cva‘cuatio‘n. 210 layers of this material standing & inches
high in a‘shi‘nglcd confiéuration provides the required insulution weight
penalty, The shingle design is identical to that discussed previously
except an open weave cloth purge bag.enclos‘cs the eniire system for
gro;md hold protcci‘:ion.

Mylar aluminized on both sides, and with nylon net spacers
‘in a blanket configuration has been selected for consideration {or the
long term missions. KFour foot square blankets of 150 layers ecach of
reflectors and shield provide the appropriate insulation compurison
weight in a 3 inch thickness. The blankets are preassembled on a'
jig holding four nylon studs which penctrate the la yup. Nylon retainer
washers over the studs are used, every 30 layers to provide support
and somec dimensional control. The studs are subsequently bondcd-
directly to the tank wall. Blanket seams are madc by interleaving
grc;ups of ten to twenty reflectors in adjacent blankets to make a
"saw tooth" pattern. The large number of reflectors in cach "leaf"
is used to facilitatc.e installation and to improve pump=-out character=-

istics as compared to individual shield interleaving, Each shicld is

perforated (1.88% of area)3 to facilitate evacuation,

3 This number is derived from empirical measurements found in National

Bureau of Standards.
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Duc to the size and pre~formed characteristics of these biankets,
they are impractical for the very small tanks (§‘ {LS) and 1}:1\'13 not been
considered for that épplicatic;n. The entire blanket assembly :13 on=
closed in a purge blanket to meet ground hold reguirements.

In very small tanks, the surface to volume ratio becomes large
and Lhe’cﬁontours become severe. A ’gontinuous‘ wrapped insulation
becomes practical and necessary for these designs. The conlinuous
wrapped systems of nylon net _spaceci, both sides aluminized Mylar
cfonsicéereci here include designs where the insulation has been pre-formed
into two parts, \t)hiéh are appliéc‘} layer by 1ayc;‘ with one interconnecling

" joint at the tank eguator. Generally, this insulation requires hand forming
and hand installation., 150 layers oi.this material are used to provide
the proper insulation comparison weight. Shicld perforalions are pro-
,vided. to facilitate space evacuation.
) This_ system has been considered for tankage with diameters
- less tﬁan 10 feet and tengths up to 30 fcet. Insualating iargez: tanks
‘ 1n this fashion would prove i':o be extremely ;ii{f.icult. This insulation
system m;:s;t also have provision for purge during ground hold.

Each ‘of the insulation 'designs, except the all fibergiass system,
have utilized special insulation ai:. each- pan(;t;af{OIT deﬁcr.ibcd in the Lzmi;
design table. . A fibe;rgiass am;uius with a cross section as shown in
Figure 10 has been placed around and in con_Lact with ¢ach penctration,
The basix:: in;ulation is butted against this intermediary in an atlempt
to eliminate any d"irec‘t radiation throug‘h the insuiatim}.interfaec jo'%nt.

Ideally a number of ‘thin fibergiaés washers should be used Lo build
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up the annulus so it can be interleaved. with primary insulation.
This intermediary is designed to minimize the insulation thermal degraduting
associated with the thermal shorting of the warm layers of the multi-

layer insulation to a relatively hig.‘n conductivity penetration,

Analysis Techniaue

Mathematiczal, computerized models for full thermal analysis are
under d_ev-el opment for studyiné external cryoger;ic insulation systems,
These t?ols are not yet operational {sec Appendix A for a description);
therefore, preliminary thermal performance estimates have been synthesized
from ihe data and analysis found in iheilitcraturc and reported in the
Bi‘bli.n:::graphy/Synopses[Category Report. All insulations have been treated
as consistan;ﬁly as possible so that relative ~figf_nn::s are accurate even if

the absolute magnitudes are only approximate. Each i;lsulalion analysis
*has been split into Se\reral factors where applicable: basic iéeaiizcd

' system, degradation due to joints, degradation due 1o mounting, de-
gradation due to evacuation perforations, and penetraiion degradation,
Basic shinglé perform;ance has b‘een estimated by adding the normal

and lateral heat flows dircc;t_ly. Since-one end of the shingle is attached
dir‘ectly.to the tank, heat may fiow by conduction and radiation parallel

to the reflective layers to the tank, This mode proves to be dominant

in these designs. For the shingles on a substrate, the shingle and
substrate conductivities are considered to be in series and arc treated

.as a composite solid. The all fiberglass and the net spaced insulation

-designs were treated as one dimensional heat transfer media for evaluating
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bulk insulation propertics. In all cases, heat ﬂouf was tr(_:ated as a linear
_fqnctip;u of tempcratur.e‘;lsing experimentally deter *.i;{cd.' effective
| th(-:rmal c‘onductix;itiesi "~ All such vfilucs were selected from the lit-
eraturc, and represent mean or nominal values to minimiza biasing.
Effective conductivities for the various materials for both normal
and parallel heat flow have been selected from NBS-100, NBS-11,
’ 'I‘CM 11, bpC- 19 and \TASA 3 (parallel) whcrc extensive L\pcmmental
data has been reported. Joint degradatlon valucs havc been based on
experxmental studles reportcd in \ASA 30 and NBS-26, DDC-22
has been uscd to estimate support thermmal dcéradatmn. Perforation
2ffects on thermal conductivity have been cstimartcd from results presented
in 'NBS-S]'.. \Each of fhes; reporis give experimental dcéradation a_nd/o:-
thcrmalﬁ con&uctivity data directly. The continuous insulation has been
further dcgrac‘ied by a factor of 50% to represent the performance degra-
dation resultmg from mstallatlon technique, as reportcd in the literaturc,
Penetration effects have not been studied c.x:’ccngzycly cnough_ to
provide direct evaluation of their thermal degradation. Thcorcti‘cal‘
iz}vestigations.of penetrations have been rg:portcd in NI‘.’;S_-'l 12 and
NBS-119. I'n both cases, numerical, simplificd heat t-ra.nsfcr modcels
ha;re been soivcd for a :::ange of parameters. -Although none of the resulte
preséntcd are dircétly a;pplicable, th‘cy are expected to be representative
of the‘z"nagnitude (;f degradation to be expected, A ;:ombination of these
result.s.ha\'re been ;ls'ed to evaluat.e the los ses'assoc.iatcd with the penctrations

required in our designs. In particular NBS-~112 was uscd to evaluate



conductivity effects in the basic insulation while NBS-119 was usced to

establish the effects of penetration size, intci‘incdiary insulation propertics

and insuiati;)n thickness, Unf.ortunatély, in the work reported in NBS-119,

the conductiviiy of the penetration was not studied; in all cases the penelra-
. 2

tion was assumed to be at the tank temperature. In addition to the bus_ic

insulation degradation estimates derived from the above reports, a

lincar conductive heat leak was- computed for cach penetration undey the

assumption that it acts in parallel with the -insulation degradation factor.

In all cases, the performance in spacc. has assumed cvacuation

3

to a pressure less than 107 torr, where residual gascous conduction

becomes insignificant. Ground hold estimates have been based upon one
dimensional heat transfer data for helium filled basic insulation. The

trz;nsition from the ground hold condition (high heat flux) to the cx-’acu:'l ted
conditiOn-in space can be.very important in determining and insulution
applicabilit;r for short and in-termedi:_atc duration missions. An evacuilion
an.alysis program is ;::ur:c:ently under devjeloiamen-i, (sce Appendix A) but it

is not yet available. Thc.;. literature search has not revealed any compre-
hensive stuciies ‘of this pump~out problem. A number of individual laboratory
sized' c;xperimcntal investigatic;ns have bec':n reported but they do not lend
themselves to scaling o'r'_basic ar;alysis because of geometrical cfiucLs.

"NBS~41 has reported a simplified diffusion equation analysis which is appli- )

cable to shingle systems; this forms the basis for thq rough pump-out estimates
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dresented here. The solution predicts pump-out times for shingles and indicate

that the time factor appears in the following form:

. 2
b oo o-Dt/L

P = pressure in insvlation

D = diffusion coefficient

L= length of path to the vacuunr
t = time ’

This relationship was used to scale the insulation pump-out times reported

in the reference to represent the fibclrglass, nct blanket and céntinuous
in-sula‘tion evacuation times. Estimates of diffusion cocfficients and
pump path lcngths.including the effects of perforations were sclected
from a corh{aosite of data and estimates presented in DDC-7, DDC-2+4
anc‘l NBS-61, These values wili be subject to considerable refinement

when the computer model described in the appendix is completed.

Results of Thermal Analysis

”

The thermal performance of each of the five insulations mounted
on ‘each of the eleven tanks contatlining alternatively hydrogen or oxygen
arc presented in 'I:‘ables 11 and 12. Table 11 pertains to the ground
hold condit::.on and Table 12 presents the evacuated pcrformanc.c in spuce
estimates, During launch and the early portions‘ of space flight, the
insulation is subjc;ct ;co low cxt.ernal pressure which eventually evacuates
the material. Since gascous conduction results in very high heat fluxes
F;ompared to thc; evacuated condition, this pump-out is' critical for

adequate thermal performance in the short missions, Table 13 prescents
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estimates of this pump-out time for the various insulutions. The numbers
prcser;tcd there are probably rath.er optimistic since a detailed out-
gassing and d‘iffusion ana-lysi:s has not been performed.

The pump-out estimates conflizm the idea thatl binaket and
continuous typc insulations will not achicve'their inherent high perfore -
mance in short or intermediate missions as quickly as the :-hix;.gles.
On the other hanc.l, these pump-0u£ times are essentially insignificunt
in 6 month _m'i'ssions.

An examination of the ground hold estimates show that shingles
on a substrate provide the best perfor‘mancc in all cases. T.hif.i is because
the helium pul-‘ge gas is c'on.fined to a narrow region near the tink, ina
semipermeable material. The purge gas contibules about 50% of the
 heat 1-cai<-in the fib;arglass while it contributes about 90% Lo the multi-
layer heat transier. The shingles of this insulation arc.in}mcrséd in
air, which does not degrade the insulation as'badly as helium.,

The estimates of performance in spaf:e show the obvious advantages
:of blanléets and continuous wrapped Sys;téms. One cautlion musti be given;
that is the penectration and non-repeatable insté.l.lation faclors become a
large portion of the heat leak in these insulation. In particular, the con-
tinuous wrapped .insulaltion has historically been extremely scnsilive
and unrepeatabl;e with respect to installation procedures. Secondly,

the Dimplar shingle insulation shows excessive heat leak due to lateral

conduction in two layers of alurminum per reflector. This'material
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{as well as ”‘;Sui:}erflock") should probably be considered in a blanket
cles'igr;, where its lateral conductivity is not so duu-inwn-:nl and its
pump out characteristics éan be fully exploited, A third factor of
importance in evaluating the shingles (of either type) is the potential
performance increase achievable by interrupting the lateral conduction
path along the alumin_um coating. This can be achieved by incorporating
very small ‘spaccs of non-a.luml:.nized material at discrete intervals to
~break up the *pure metal" conduction path. Since lateral conduction
contributes about 8(3% of the heat flow in this insulation a consider-

able improvement may be made.
3.3.2 Supports and Cryogen Cooling

“Little consid-eration has been given to advanced support design
duzling the 'course of this study. The reason is the excellence and technici
thoroughness of the NASA funded work presented in NASA-34. “That
report presents a state of the art evaluation of tank support systems
_é.nd sophisticated support‘thermal decoupling schemes. Design infor-
mation is given for manv svstems. and has Bcen used in the tankage
design for this étudy.

‘A. good survey of cryogen vent cooling technigues ma'y be found
in DDC-19-. Figure 3 illustrates the basic approachces taken for using
vent cryoécn to reduce insulation héat leak, It is clear from the examinati
of these approaches that they can be adapted to virtually any cxtcrnfxl

insulation system. Insulation perfoermance improvements resuliing
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from cryogen cooling have not been vxamined in detail for this

preliminary study, but will be in the next phase.
3.3.3 Systems Fabrication

It is fabrication that produces the well-gstablished discrepancices
between sophisticated thermal performance design caleulations and the
observed rate of (:'ryogen loss in real tanks., To properiy evaluate an

external insulation system's likely performance when instatled, one

must have a goed appreciation of the materials and practices which

are ;JSeq to realize the insulated storage vesscl. The techniques uscci
vary w'ith the type of insulation system, but we are presently concerns
ed with I:h-c: five systems types selected in the carlier phase of this study.

-

Those systems have many‘portions of similarity in their conceptlion.

For example, the fiberglass system has problems also associated with

the purged substrat;a of the sh;::;t»term shingle system. The shingle
system-ﬁs share a common materia i‘ with t’hc: })Eanicet and_ continuousiy
wrapped Sys‘tems. " Consequently, most understanding is gained by
cons'i&ering the fabrication pr0b£em conceplually, pointing oul as necessary
the techniques and 'probicms as.thcy apply to the dndividual systems,

I this is 'donfa in an %}r-derl}r fashion, semi~quantilative conclusions can be

drawn concerning the degradation of performance, geometry constraints,

and relative cost of the systems under consideration.

38



The Physical Form of Cryogen Tanks

Although cryogen tanks are sometimes fabricuted in unusual

éhapes, such as biconvex (pillow)- forms for special circumstances,
by far mest vesscls are durived from o geometrical {form pornesning
axial rotational symmetry. Shapes in this category arc cylinders,
.spheres, ob?atc spheroids, toroids, etc. A suitablc. insulation wrapping
or mounting scheme can usually be found for such shapes, and at least
for larger volumes, regularized to the exient that some mechanical appar-
atus ca:n be used during the instatlation.

There are some circumsiances when the use of mcchanicu_l

installation apparatus is a distinct advantage. These range from reasons

of reproducibility from tank to tank, to obtaining maximum thermal per-

formance for a given system by closely controlling insulation position-
_ing-during i-nstallation. There are other circumstancc;, perlaining in-i-—
marily to c:(;mtinuously w.rapped multilayer systems installed on lar~gc‘
ta;}.kagc, where the installation could not be made pr-opcrly without
a ji-g or fixture oricnted to the tank geometry. Fiberglass systems arc
not sensitive to positioning tolerances, and do not .rcquirc positioning
equipment for inst-z'illa.tion.
Other insulation system constraints arising from tankage gco-

. .o s

meflry ar;e due to the fact that a tank-agc: system must possess penclra-

tions. Penctration is a gcﬁeral term uscd to denote any apparatus



which must pie rc:c_ the insulation. For mosti systems, such devices
fall in the fc;lio.\vi‘ng‘categories:
1.0 _tglb.es or p.ip'mg; uscd for tank inst?'u‘mcmatimx, or cryogen
venting, f?ll, or withdrawal
2. -tank support sgruciures; rings and/or struts, etc'
3. tar;k access structures; manholes

4. insulation mounting structures; studs, cable attachments,

" etc.

By inséection, one can verify that many of t-hcs.c_pcnci.ralions have
a s{milar-géometrical structurc compris.cd of a cylindrical struclure
set with the cylinder axis colincar with l_:he normal to the tank surface '
at i;he point o\i attachment. This observation indicates that an analytical
solution for the heat flow in such a gcometry would be of .widc. utility.
Since research indicates that such a solution has nol been published in the
o-pen. litcra%ture, the development of this solution was given l.ariorit)'r in this
‘study as a major contribation to design and evaluation methods. This
model is described later in this report and, although the development is not
complet‘é at the present time, significant progress in demonstrating the
- ;:orrect approach for obtaining the solution and in solving tl;c computationil
problems associated‘with the model has been made. The Appendices

present a current summary of the status of this work.
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The materials used in the construction of cryogcenic tanks are
the m‘c:tals tfpically"associated with high performance acrospace
structu.re‘s, such as sophisticated alloys of steel, aluminum, litanium
and so o'n.. These materials present no insurmountable materials coma-
f;atib:llity difficulties to external imsulation system installation. The
thermal propertics of met_als, however, gi\;c rise to the requirement for
insula.‘tior; systems, ‘and also t;) a serious factor degrading the per-
formance of external insulation systems., The problem of environmental
gas Fryopgmping within to the insulation is a problem which ims no
reliable solution currently which does not compromise inSulzzLi'on
.éystem-performancé over some'portion of its c.nvironmcntal opcrating.
regime. Although this problczm normallyﬁi;‘ considered in connection with
system éround hold, it may occur with serious conscquences in space
if the tank develops a lca}k at a closure or weld. Such lecaks may also
cz.lusc degradation of‘multilayer insulation systems performance by
reduction of the insulation vacuum to a level grcater‘ than 10™7 l.(;‘vrr, or by
‘conduction if the leak cryopu'mps. Aun approach o insure prevention of
cl_osure leaks can-have an effect on penetration geometry in the form
of additional vent lines. Usually, these additional lines arc routed
to the tank at the point of installation, so that consideration of insulalion

installation for any penciration forms more complicated than those so far

described will be neglected.
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. The Physical and Mechanicnl Characteristicy of Typical

Insulavc}n Materials

insuiauion naws: ials as manufactured are flat rectangular
sections. For some materials, currently in relatively greater votume
of production, the length to width ralio of the section is great enough to
be considc;?d continuous. For particular types of systems, such as
the shingle systems, or for materials being prod'uca'd in 16\*.- volumie by hand
lahor {for example, "Superiloc’}the materials may be manufactured
only in smallcr paecc». The basic material geomet}y leads to the major
difficulty-in insulation .:ystem fabncatlon, since thc: g:gomctry of r.,ry.ogx.n tanks
differs fundamentally from that of the materials. Some atlempts have
been made to o(xercume this problem by mec‘nanicaiiy preforming mulli-
’1aycr materials to demred shapes (for example, to it pcnet.ratmub or ‘mk'
. hcads) but, in ggnerai such preforms have only limited ubcfulana due
‘to insulation thickness build up éuri:}g lay-up. Standard preforms would
require coutin-uoushanci alteration during lay-up for this rcason, and would
save Iit:'::le installation labor. Hence, they ,app’car to offer no advantages for
‘n;nd' lay=-up unless reguired for some struc'tura'l or atzaeim%ea%: pm'-pcasc.
Materials of concern here for fabrication evaluation of the five
systems u‘nde.r study may be c;la.ssif‘ie;i as:
1, Fiberglass batts

'

2. Coated plastic films
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3. Adhcsives'

4. Supporting Mat.eriais; metals and plastics

Methods of Fabricating External Insulation Systems

The fabrication of an external insulation system commences witl,
the fabrication of the systemn materials. Of the four categories of
system materials mentioned above, only the Iabricat.im: of fiberglass
and the radiation shields are of sufficient interest to merit description.
Fiberglass is fabricated by extrusion or drawing from pools of molten
glass. The rate and degree of control of thc-: extrusion process, together
with the method of gathering the f.ibers determines the form and density
of the bulk finished matting. "}l‘he fini:sh‘cd product is typically pressed
into batts.

Fiberglass can be prociuced from many glass types, most of
‘whicﬁ have similar thér:i‘nal properties. If the malerial is designed for
epoxy or other resin in;g_srcgnation, (as ma:ny are) the surface o{'_ the fibers
is often treated with a material to pr_omote zicsin adhesion, The char-
a;cter:xs_tics of tinatc?ria:ls used for this purpose are variable and may present
a sourcec of contamination resulting in performance degradation of olher
insul;z.tion system components. This point should be considcred if the
use of fiberglass as a substrate material is indicated.

The fabrication of radiation shield materials is now a routine

manufacturing operation which, except for the metal foils. rests on
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the vigorous technology of the vacuum cvaporaiion industry. (Foit
Eab;'ication is achisved through ccnves‘uiomt metal rolling technology. )

A typicé‘i type of coated muliiiayer film is :\:RC~3, 2 0,25 mil Nylar {ilin
aluminized en one side, manufactured by National Rescarch Corporation,
Mylar 18 the dc:sigt'lation for the duPont polyester, polycthylene
.terepthalate. This material, Wwhich serves as the s‘pacc-r and alaminum
substrate [or NRC;E, is manufactured by conventional plastic film
fab‘r-'icatior; process, ‘except that its unusual tensile sirength {24, 000 psi
at ZSOC) is produced by an additional mechanical molecular orientation

process dering manufacture. Unfortunately, this process also results

in low film tear strength {33 g/mil at 25°C) at any unrcinforced boundary.

This property of Mylar does not appear to be widely known.
eralls of 'the Mylar substrate are placed ina specially constructed
cvaporation chamber and are woundand rewound under vacu.um and
temperature conditi;;‘;.s sufficient to remove excess moisture, plasticizer,”’
_a—Lnd othcr-centaminat;ts from the film surface. At lhe conclusion of this
proccss,.high—-r‘ata evaporation sources are actuated and the material
is rewound again wi‘lgh one surface exposed to the evaporation sources.
The evaporation sources for this process may be clectiron beam
or resistance heated.. Molten aiuminurx‘; at cvaporation temperatures
is highly corrosive so that special composite malerials ar;: required for

resistance heated evaporation boats. Typically, scveral thousand meters

of material may be aluminized at one time at lincar speeds of a few
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meters per sccond. The Spced_ of rransfer of material 0;1 the rolls
determines the coating thickness, which for aluminum must be at least
500 A to achieve opacity.

A simplified drawing of a typical metallizing apparatus is shown
in Figure 4. Material produced by this process has a price to the
uscr of apprommaéc[y $10 per pound in smaller quantities, It is
normally wrinklcd‘ in the z;s received condition, by die drawing before delivery.

This mecthod of fabricating radialion shiclds gives risc to an
easily handled, uniform produc:t:_ complete with Space.r_which has about
half the weight of a comparable foil sh‘icld without spacer, Some typical
weights, from NBS-66 are shown in Table XIV. The disadvantages of such'
material are those associated with evaporation processing in general,
and with the use of-aluminum as the radiation shieclding element.

Vacuum eva:poration procésses are notorious for rigid cleanuncss
requirements, and require strict adherence to proven equipment operating '
procedures to obtain a reliably adhered coating. The adhesion of metallic
coatings deposited by._thc;:mal dcpc;sit.ion techniques has long been a source
of problems to vacuum coaters, particularly if the coating is rclatively
_tliick. Sputtered films have much better adhesion characteristics,
but sometimes lack the sm;othness_of thermally deposited varicty,
Sputtering has seen great progress recently, culminating in rad.ib fre-
'qucn(_:y ‘apparatus capable of depositing non:-mctallic materials, It

should be investigated seriously as a method for producing improved

materials of the NRC type.
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The choice of aluminum as the functional c‘.cr:wnt__m’ th'c she tsg
Kis a compromis.e, but one I.h;'.lt has performed bc'tmr than the alteri,.
tives. Some of these other m.etals, and their ecmissivities are dis-
played and compared with aiuminum‘ in Figure 5, taken from NDBS-125,
The emissivity of fresh aluminum, prepared ina clean {(oil free)
vacuum system is.quite low, but it ra.pidly rises as the material surface

oxidizes on centact with air. Silver, which has an attractive amitlance,

.usually reacts quickly to form a tarnished surface of high emissivity.

Unsuccessful attempts to preveat this by dielectric overcoating
have been reported in the literature. The dielectric was not specificd,

l;(lﬁ was reported to produce unacceptable emittances {or the film. The

-

i

emissivity of silver overcoated with silicon monoxide is shown in Figurces.

Silicon monoxide is not durable, and additionally, is rcactive Lo motst air,

'It is possible that a suitable protective material mi:gilt be found among

some of the mo_dcrx'z polymers. Gold coatings have occasionally been

use.d asvan'aluminum substitute, but they have typical.ly been plagued x-:vith
-ad_hesion problems. However, the ineriness of gold t‘o emissivity degradation
is an.a'.dvantage'. Aluminum, as well as degrading throuéh oxidalion,

is a reactive metal, and at least one case of insulation failure from

c?ating dissolution has been reported. Failure in this insLancq was atlri-
buted to moisture ;:ondensar.ion in the ir;sﬁlation. Though far [rom pcrfect.
alur.ninum continues to be the c_hoice of materia.ls for deposited siﬁuld

construction, and may remain so. Better mecthods of coating

46



application would probably help bring installed system performance
closer to that thf':c-)rctically, and de_\"initely should be purr:ucd.'

There are several _né;w classes of coated 'pl:xstic (und glass)
materials v..;hich depart somewhat from the NRC-2 wrinkling approach

for the control of conductive heat transfer through the radiation shield/

spacer system. These have been given various trade names which are

somewhat representative of the approach. The addilional fabrication
opcllations for some of these are novel and relatively obscure, and will

be considered bricily. There is one class of materials which are embossed
after coating (Dimplar, Marshicld). This embossing usually is a puttern.
of raised bumps, on one or both sides of the film and is made by rolling

the film through bumpy rollers {Marshicld is embossed aluminized fiber-
glass), ‘ The advantages of this censtruction are several; including superior
insulation recovery from vacuum bag' compression prior to launch lack of
rcéovc1:y is frequenily a major cause of degradation on a no;‘f'mal 1':1uli.iluyc'r
sysl:erp. Addi_tionally, insulation cvacuation in spacc is guile rapid duc to
high permeability and is particularly important for purgc:-d configurations.
Insulation cc.mductivity can be closely and reproducibly controlled by
embossed pﬁttern shape and spacing. The only disadvantage scems to

be a limitation on the thickness of insulation which. can be put int’o a given
sr;ace. Some of the above properties.offset this lust consideration Lo a

great extent, since the insnlation functions more efficiently on « per layer

basis,



Anpther scheme relies on the application of noncunductive materixl
to perform Lhc same function as the embossed 3)::.Lic ras. These a}*c. flocked
matclriai.s, and rather esoleric in mat:mt’aé.ture (Superitock, Superfloc).
.Supc:rfloc is made; by silkscreening ar;d adhesive patlern of cantrolied
shape and distribution on conventional coated film. Tufts of dacron or
nylon thread are then distributed 6n the adhesive by vibrating the material
in the manner of 2 drumhead. The vibration ¢auscs the thread cluslers
to move and adhere to uafilled giue spots, rcsxliitiug in a2 uniformiy
disperscd separating element of controlled conductivity., The Superfloch
proccs&s» is similar in conception, except that short nylon {ibers arce used
in place of thread tufts. The material is applied by siandard flocl:’.ing
process. However, b(;fore the adhes‘ivc cures, the Ilockcd-insulatimx
material is paéscd‘ through an electrostatic machine which orients the
fiber axis,pc;‘pendicaiar to the insuiatiog sheet. The advaniuges of these
in-Sulaticm materials‘ arc the same as those of the embossed. All of these
various processes yield materials which when insta!!‘cd produce high
pgl‘formancc systems, For exampie; the Marshicld sysiem is rcporigd 1
‘give nearly ihcsreﬁicai.results wher'l installed. These arc innovative and
well conceived schemes which should be pursued Turther in conceplion and
development, -

“The fabrication of insulation system sub-assemblies’is ihv:: next

step above the matérials fabrication level in the construction of the comple,

thermal protection system.
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Systems lfabricatcd at the sub;syst.cn{ level really oniy inclade
shingle and blani{et modules; those pz:pccsscs will be considered briefly,

. Mo_si large tanks for storage of c'ryogénic fluids are crcctt:d_ on
the filjxal site because of difficulty in ship.ping large zssembled parts.
ane a tank of this size (diameter ecqual to 15 fect or !argcx:) :.~.~ in place,
it is extremely difficult to mov;a it for insulation instullation. This fact
led to the development of high performance-prc.--fabricatcd blunket multi=-
laye;' insulations which could be installed on fixed tunks. The virtucs
of these insulation modules became apparent and they are now used also for
smaller tankage w?l;arc maintainability is a critical systems requirement.
The methods of fabricating blanket modules depends somewhat on the
insulatio‘n mounting scheme.

Insulation blankets which are supported by a fow central mounting
fixtures must have some method of distributif}g the support stress in the'
insulation mounting zone to other parts of the material in order Lo prevent
insulation stru(':tural failure at the mounling points. Onc mclihod for achicvin
th{s cnd is to fasten the insulation layers together, and also to u layer of
strong, load bearing material. Since'the- fastening must be as thermally
noncolm‘i_uctive as possible, so a guilting technigue using fiber threads has bue
successfully tried, In a typical process, the radiation shiclds and spucers
arc laid out on a slotted table and sewn b‘ctwccn a pair of backings by

hand, using necedles and thread. Once-fabricated, the blankets with- .

stand normal handling quite well., Other fabrication methods are cmployed

49



for different mounting systems. For systems mountea on ~lusd, the
biankét is laid up on-a :‘.ab!l::, and a mounting t'qm‘platc is used to guide

a device which cuts mou'nting holes completeiy through the kaycr:-;.

The most common hold cutting apparatus is probably an end sharpened
stainless tube, chucked in a hand drill. While such cutlers pr@:dacc
a-pparcntly satisfactory holes in many matcrlials, such as foils and gluss
papers, therc are better methods for Mylar which give higher sysiem
reliability. These technigues involve the usc of & tt}btxlar cutter heated
to 1000°F. At those temperatures, the film will melt and shyink back

from the tool, producing by surface tension a reinforced "grommet”

of film material around the hold. This technigue can be applicd after

-

mechanically cuttin‘g the hole, but the labor of the operation isathcn
csscnti%liy doubled. The heated tool process is delinitely advantageous
for systefns whicl:’n will encounter severe cnvironmental conditions, due to
the propensi_ﬁy of Mylar to tear as .mentiencd ecarlicr. _Laym‘:s mu;st be
separaté.d t;'preve"nt welding du;ing hole'cutting. Fabricated l)l:xnkc:-t:; far
st;{ci mounting may be held toéether for hz‘mdling by temporary fasteners
which are removed or left in place af.ter installation.’ ‘

Shingié modules are fabricated in similar fashion te‘i.he blankels,
except for different sizes and maunfling configuration. The mate rial’

is 1laid up on a table, cut to size in thicknesses of scveral layers using

électric scissors. meanwhile separated with an expendable material
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stich as kraft paper to prevent edge welding auning Cultlitg. vntcas i

T
-

purge or vacuum bag is to be added to the pack of shingles, the handling

and installation from this point are similar to blanket systems.

The fabrication of continuous wrapped insulation systems is of
ccmr‘sc closely %‘eia_ted to the insulation mounting system. Fox :;ma'll
tanks, the insulation is wrapped, cut, and fitted by hand., Usually cuts
are held to a minimum except as necessary to clear penetrations, and
surplus material is tucked out of the way. The insulation is secured with
an adhesive tape as the work procccd's.' Ab.the insulation is handled
extensively, it is nccessary that proper precautions bf: taken Lo insure

not handled without gloves. Although it is probably

——

that the ma?e;r'ial is
known w‘idcly by now that finger oils degrade insulation emissivitics
scverely, there are older published reports showing insuiati'ou‘fubri-
cation without gloves. For repeatability and highest periormance, gloves
must be worn';‘

‘Fdr. large c‘ontir‘mously \vrapr.;ed tanks, the system fabrication
is normally done by rolling the tank about i.f.s axis i;1 a special {ixlure
while winding the radiation shield and .spacc:r on the rotating tank from
large spools. Usually the insulation_support‘structurc, a system of tension
bands, is 'il-lte‘:r\x;ound with the insulation. For tanks insulated in this
:mannqr, the machinery must be sto.pped and a hole cut cach time 2
penetration is cncountered. This is laborious, time consuming, and lcads
to poor penetration thermal pe'riormance unless high 5—Landards of work-
mans-hip are -mair;tgined.

51



A v'ariat.io‘n of machine wrapping iclchnic;ucs has been derived
from fila.mc;lt winding technology, a;zd for cerwiin shapes and ypes of
{anks, this insulation installation techni-quc ;S'rovidcs good, reproducible
rcsults., Typically materials used fo'r systems wrapped in this fashion
aré akum.inized' Mylar tapes an;i foam spacaers.

The installation of blanket and shingle SYSICIS QePends Primarily
on adhesive t_echnology.' The only adhesives which have shown consistently
good performance are polyurcethane adnesives with some exceptions amunyg the
epoxies, ‘I"he onc usecd most commonly is NARMCO 7139/7343. Poly-
urcthane adhesives have some undesirable characteristics, among which
arc: (1) reaction with atmospheric moisture (2) wide wide variance in
properties unless carciully manufactured (3) poor shelf life () creep at
room .tc‘mpera'turc and little strengt}; at higher temperatures (5) changes
.it's propertics rapiEdiiy with age, but they perform betlter than olher compounds
at cryogenic temperatures. Some _typ_ical ins:ulaf.ion mounting syslems arc
shown in Figures 6 and 7. "In general, some in.sulaz.ion mounting stl'uclurt.:
must be attached to the tank, If it cannot be fastened mechanically be
welding or by fastener technology, it must be mountcd using- adhesives.,
Studs for blanket or s‘hingle. mounting are typically adhered, and are
usuaily made of a non-conductive x.'natcrial. In installation, the blankets
or- shingles are placed on the studs, and retainers snapped in place.
Systems using fastencrs such as button and string (Fig. 6) or Velero
tapes also use adhesive mounting. These mounts. produce installation

operationé similar to the stud system. The modules are mercly pl-lt. in

place and the fastencrs joined.



Tension structures such as nets, which could be used as nons
_|adhe~red mOu.nting structures do not scen; to have 'bmm investignied for
e};tcrnai insaiaﬁtian supporis. To avoid a \xs;iigiu‘t penaliy in the mounling,
such structurcs would have to be sophisticated in dexign. For small tanks,
however, they might allow the insulation to be-removed easily for main~
tenance. For high reliability systems where adhesive failure could 'no{
.tcile rated, such a system might have additional advantages.
The installation of shingle systems, where not made using studs,
is generally accomplished by dircct adhesive bond of the shingle or
shingle pack. Typicaﬂ} an adhe.sive tape of unspecified composition is
used.
Now that the fabrication ana instailiaﬁion mcr.:hoais have bcm} outlined,
we can examine the. remaining component of external insulation systems:
purge and \‘za;:uum‘ba.gs. These bags are constructed of plasLic/mcLuI
membranes, and ave designed to segregaic the insulation purge gus (usually
h}:lium) from .the ambient athSphe're,v or.to prevent the ambient aznm:;phor;:
from cntering an cvacuated insulation system. F';oth systems are technologica
answers to the gas cryopumping problem me;,nticmcd earlicr. Evnc.uulion i3

the more efficient, because the thermal conductivity of the non=Cryopumping

.

purge gas is guite high. Evacuation, if it can be maintained, subjects the
insulation system fo mechanical compressive loads duce lo atmospheric
pressurc in most cases. There are some vacuum bag designs which do nol,

but these are the exception, not ihe rule.
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The m-zfterials used in these coniginers anre tvpically metal plastic
1a_mina:tcs‘,' such as Mylar/lead/Mylar (M/L/M) or Myla r_"al\‘m*.‘i:mmf
aluminu;m:/Mylar (M/A/A/N). Table 15 fr.om NBS 58 shows a list of
materials (with soarce-é) u.:hich have been used for this wpplication. Table
14 from NBS-73 shows the thermal propertiecs of selected materials, Plzrgc
bags which are satisfactory in ;;eriorm.ance-can ‘bc constructed from these
film laminates. Ingenious zippers and other fusteners which open the bag
rapidly and fully in space for evacuation have been developed., Vacuum
bags, on the 'ot.her hand, are not reliablc at the present. They tend to develop
leaks when wrinkles are formed by atmésphcric loading, and at three cornor
folds in the bag, etc. M/L/M and M/A/A /M seem to be optimum mate rials

so far, but further development is needed.
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After cxtensive searching, it is clear that a paucity of cost
information e:—:i§t5 concern_ing exter;xal insulation systems. As a result,
l:l.m cost répking done in the Initial Study phase was used for sclecting
tho promising threc systems. The Final Study will conlain thosae cost

results which are available.
4,0 SYSTEMS FOR FURTHER STUDY

Three of Lthe five Materials/ Concepts have been selected for
f‘urthcr_ study in the f{inal phase of this program, - This sclection has been
made on the iaasis of.thc Concept Selection Criteria shown in Tables 5-

8. Spacc does not permit a listing to list the merits of the chosen
systems, which are 1) Fiberglass 2) Sl;i:;glcs on a purged substrate and
3) Blankets., The rcasons for these choices will be briefly summarized,

1} Fiberglass is rugged and provi.dcs low cost reusable thernal
protection for short missions.

2) Shingles on a purged s:ul;stratc give -cxccllc;ni thermal performasc
-for short or interm-cdiate term missions‘ and can casily be maintained.

-3) Blankets can give.r;aaintainable long term thermal performince,
with reasonable repeatability.

. Shiﬁgle systems without substrate wére climinated because they

provide slightly poorer thermal performance. There arc some missions

for which they aré appropriate, however,
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ctration repeatability. They provide superior performance at maximum

et
a
e
-

cost for some applications, and ciioris to eliminate 1 disadvantages

ghould be made,
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Material description

Aluminum foil
Aluminum foil

Aluminum vacuum metallized on
polycster film, one side only

Aluminum vacuum metallized on
polyester film, two sides

Aluminum vacuum metallized on
polycster film, two sides

Aturmninum vacuum metallized on
polyester film, two sides periorated

Silver vacuum metallized on polyester

film, two sides

Gold vacuum metallized on polyester .

filim, two sides

2Higher emittance results {rom degradation of coating with time.

TABLE X1V

- Thickness, in.

0.002 "
0.0005

0.00025 -
0.00025
0.00025
0.00025
0. 0005.

0.00025

1

Weight, 1b/ft?

’

0.
0.

.0'
0.
0.
0.
0.

0.

028
007

0018
0olg
0C¢18
0018
00?;6

0018

. PROPERTIES OF SHIELD MATERIALS

Nominal
coating
thickness, A

N.A.
N.A.

275
375 50

375

375
1000-2200

1700-3400

Coating
emittance

0.025
0.025

0, 047
0.035
0. 025
0. 065
0. 011-0. 0L 7%

0,017

Perforation,

.
o

None
None

None
None
None
1.88
Noue

Note



TABLE XV

LIST OF VACUUMN CASING MATLRIALS

Description and Vendor

Film Mylar -- E.I, duPont de Nemours & Company
Film Tedlar PVFE -~ E, I, duPont de Nemours & Corn-pan-y
Film Saran No. 7 -- Dow Chemical Company
Film Scotchpack No. 10A3 -~ Minnesota Mining & M{g, Company
Film Teflon FEP -- E,I. duPont de Nemours & Company
Film Po_lycthylene, low density -~ Viskin-g Company
Film Polyethylene, high density -- Visking Company
Film Con-O-Lam 7TNS30 ~- Continental Can Company
Film ‘I-[‘cra—-Film (polyester) -~ Terafilm Corporation
-‘I"‘ilm Polypropylene -- Avisum Corporation
T Film Acclar .22C ~~ Allied Chemical Company
Film Acclar 33C -~ Allied Chemical Company
Film I—"_olyurcthane Estane No. 5740.x 070 -~ B.F. Goodrich Co.
Mylaf ] i nai.l bilaminate. bonded with G-207 adhesive -
I_tamina.tcs . Goodyear Aircraft Corporation
Mylar 0.5 mil trilaminate bonded with G-207 adhesive -~
Laminates . Goo@year Aircraft Corporation
Metalized 1 mil aluminized Mylar
Mylar (one

side)



Metalized
. Mylar (one
sidce)

Metalized
Mylar (onc
side)
MLM
AMA

TAT

MAM

' MAM
MAM
MAM
MAM'
Laminate
MAAN

MAAM

MAAM

Description and Vendor
0.25 mil aluminized Mylar, 4-ply laminate bonded wit

G-207 adhesive -~ Goodyecar Aircraft Corporation

0.5 mil, 3-ply laminate, No. 581000-+4 -- Continental
Can Company

1 mil Mylar, 0.8 mil lead, 1 mil Aylar -- Schjceldahl
Company :

0.35 mil aluminum, 1.5 mil Mylar, 0.35 mil aluminum --
Dobeckman Company :

0.5 mil Tedlar, 0.25 mil aluminam, 0.5 mil Tedlar -~
Schjeldahl Company )

0.5 mil Mylar, 0.35 mil aluminum, 0.5 mil Mylar --
Dobeckman No, 34320

0.25 mil Mylar, 0.25 mil aluminum, 0,25 mil Mylar --

- Alumiscal Corporation

0.5 mil Mylar, 1 mil aluminum, 0.5 mil Mylar --
Alumiscal Corporation

0.5 mil Mylar, 0.5 mil aluminum, 0.5 mil Mylar -~

Dobeckman No. 32899

2-ply laminate of Dobeckman No, 32899 bonded with G-207
adhesive -~ Goodyear Aircraft Corporation

0.5 mi)l Mylar, 0.35 mil aluminum, 0. 35 mil aluminum,
0.5 mil Mylar -~ Dobeckman No, 34321

0.5 mil Mylar, 0.35 mil aluminum, 1.5 mil Mylar,

0. 35 mil aluminum, 0.5 mil Mylar :

0.5 mil Mylar, 0,35 mil aluminum, 0.5 mil Mylar, 0,35 mil
aluminum, 0.5 mil Mylar -- Dobeckman No. 3432



Casing matexrial*

Mylar laminate (M/M)

Aluminized Mylar lamipate {(Ma/aM/aM)
Mylar lead Mylar laminate (M/L/M)
Mylar aluminium Mylar laminate (M/A /M)
M/A/A/M

M/A/M/A/M

Ma/aMa/aMa/aM . '
Mau/aMa/aMa/aM/Ma/aMa/aMa/aM

TABLE XVI

Materiatl
thickness,

I v

0.002
L0015
L0028 -
.00135
L0017
. 0032
. 0025
. 005

Helium
sermeability
(at STP),
em3/{sec}{it?}stm)

=20 000, x1078
2 000,

<« ,218

<,218

<, 218

<, 218

298,

136.

Thermal
conductivity
times thickness
Biu/(hr) (°F)

0.000146x107"
. 0804

1.33

3, 76

7.5

7.5
. 322

. b4

*M, Mylar film; A, aluminum foil: L, lead foil; a, aluminized surface; (/) denotes adhesive

bond line bolween layers,

PERMEABILITY AND LATERAL THERMAL
CONDUCTIVITY PARAMETER FOR
CANDIDATE VACUUM CASING MATERIALS
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APPENDIX A

Mathematical Methods and Models

This gtp;;andix describes several of f};c mathematical models
beinghdcveloped for thermal :analysis of the sclected insulation systems,
These models are in the de\‘rempment staée at this time and have not
been used m this Interim Study. The complete programs will{consth
tute subp-rograms in the overall executive insu%aticn. desipgn program
under deveIOpmer;t.

The executive program will provide the necessary logic; perform-
ing parametric mission analysis, fank design, weight summmary, thermal
performance and certain insnla;icn design problems of reliability, maine
taf.nalﬁ:ilitf, operability, etc.‘ For a given set of inpul mission parametlers,
a preliminary r:'ies-ign for the tank, and tank support and communicating line:
will be computed. Basic insulatiox; design paramecters such as thickness,
number of ;;ancls a_ﬁd;’er joints, ;ountings and penetraiio:; designs will
be Fietcr;'nix;ed. Basic thermal pcr%ormance and weight data will he
developed {rom the b:;sic insulation sub prog’ra;ns for vacuum pf:rqforn‘ai'méc
The basic insulation will be apalyscd to dctcrmi‘nc the pcri‘ormaric;: de-
gradation‘ resulting fro;n penetrations, jc;i:nts; and attachmeni methods,
Ground hol'ci tank pe‘rformance will be determined by combinir;g the basgic
‘insulation performance with a parallel gaseous condition hecat transfer
anah;s’is‘.' ‘Insulaticn ev.acuai:ion analysis will be. performed to .detcrminc
tf;c pcrio&‘énd magn.itude of z';on evacuated perfarmanc; dcgra_d;ﬁtion after
launcﬁ.
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The system the?mal performance during the various phascs of operation
will be totai‘lt‘;ﬁ for the mission duration.

This program is being written to {acilitate sequential parametric
studies with the out put-designed to facilitate the investigation of the effect
of any parameter on insulation performance. In addition, the insulation
design parameters afftz,ctin’g the significant qualitative parameters of
interest such as number of piecés, attachments, number of points and

any other factors which appear important will be computed,

Thermal Performance of Multilayer Shineles

The literature survey has surfaced- two bfxsic experimental studics
of muitilayer shingles, {N,BS-GE}, NBS-92). Boﬁx explored the cffects
of shinglc. length on t‘he total heat transfer for foam spaced shi‘ngles.
Although this published information is valuable for verifying the accuracy
of analytic heat trans‘fer models, no gencral theoretical or predictive

.methods have been r;apori:e;i in the'li.terature.

Part of the intent of the Intérir;t Stu;iy Program was to prov.idc
advanced methods 0'5 thermal analysis for external insulation systems,
For a homogeneous isotropic material such as bulk {iberglass, there

‘ is little that one can do to improve an ordinary hcat’loss calculation,
_Continuous multilayer systems ware also similar in t:hat regard, if onc.
takes their anisotropy into account, However, for .shinglcd multi-
layer systems, onc can take shingle geometry into account, and move.a

step closer to a real system by breaking the system down in to an over-

lapped subassembly level as shown in Figure 9.
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Since shingles provide heat leak paths to the tank in both the
_normal and lateral dirc;tiOns, a two dimensional lincar conduction
.anal},;'sis _(and/or linearized radiation) basced on the geometry 5};own in
the fi.gurelhas been d-evclopc:d. The analysis will permit a parametric
study of various shingle designs and materials. The analysis has been

programed for digital computer solution and is presently being checked.

The basic physical model as.well as its associated mathematical
notation are sh‘ov;rn schematically in Figure 9. The mathematical
modéal requires the solution of three coupled, sccond order, linear,
partial differential equations and their associatc;i boundary conditions
_.as detailed i)elow. The small two dimensionality in the :a. direction has

‘been eliminated because it appears to be a sccond order cffect,.
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‘ The solution to these equations is derived by separating the
variables and solving three Sturn-Liouville problems in several steps.
Each step- is dca‘sig‘ne'd to prov;ide three homogencous boundary conditions
which form the proper boundarﬂr conditions by forming a 1incar. combin-
at‘ic;n of the solutions, The cryogen termperature has been specified as

zero and all other temperatures scaled to that value, Each of the lincar
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1eat transfer cocefficients (H through H ) can represent a combination
»f conduction and linearized rachatxon The form of the solution is
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Four of the remaining constants arc determined from the compatability
conditions at the regmn mterfaccs by equating like terms in the series,
The final constants were determined by Fourier analysis of lht. outer

surface boundary conditions., For example:

gff: _"//ZV ’ Z E A[}m (Z Z]"b’” n
Y;, Koy “”’z\(ﬁml )fs'n !

’.l’fm: K [’:2" }/lmf—- J/_/szuz)/!'ﬂij
__%”7 .Kl 7

1%

-j;’ﬂm =%/f/(z I-.A/vw (%"—Y‘L;ﬂi)_ _ Aw(”‘-{ _g/'_/"__ {

S )zn"f?»[ 2—(1’%& ~ Zuﬂ_) 2 fii + }fi_')
T v K K, : ] KZ e

L S

) (mxzn) ,z_&ﬂ»f-zéﬂ_)
) - K, Ky

2

‘— ﬁ.:g_ —--éi..) (1]!“ +4 gﬁ [
i T A Lo iy
(,__ Yo
K

These solutxons exhibit uniform convergcnce for all valucs of the parameters
and provide the expected-smooth functional dependence on all variables
and parameters. Total heat transfer to the tank is calculated by the

following means:
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This solution provides the basis for studying the various paramecters
in';rolvcd‘in superinsulation shingle in'sula.tica.n for performing para'—
m;ttric dr%sign studies,

The existence of large fast computers makes series solutions to
such problems an attractive alternative to the .typical numerical mcthods
by which heat flow hag been calculated in the past. Serics solutions,
prop;erly dc;'ived_, by their nature guarantcc; absolute and uniform convergence
during computation. The rate of convergence is, of course, not guaranteed;
‘ortunately, after initial errors were corrected. our solutions have proven

-0 be well behaved during computation.

Thermal Performance of Multilayer Shingles on a Substrate

A m;&el is being developed to extend the analysis described
above to include the’effect of a substrate on the performance of this
basic insulation. The model and method of solutic;n are identical {o that
described previously, excepi; that th;a boundary conditions are mc-»dificd.
All the t = o boundary conditions include the substrate resistance in
series with the résistance of the lower shingle lz'iycr. Formally, t.'hc.
ox;ly_ mathematicai changes are feplacci*ncnt of the corresponding
equalions by the following: I
Ky 0= WilT)  osxsl,  gee

(T -
__%__{_r__,:o ) X.:O_ ) 0"‘27’4'f
-oX '
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The temperatures and the releavent constanis are quite similar to those

indicated before and therefore are not reported here,

Insulation Degradation in the Region of a Penetration

The literature s.urvey completed in Phase One of this stud-y
revealed two theoretical.approaches to the penetration problem, (NBS-119,
NBS-112). in both instances, a finite diffcrcncf-c: numerical model of the
system was utilized. The latter group represcnted the system with a
constant ?emperature-‘penetration and a combination of linearized nodal
radiation and cc.)nductio‘n in the insulation. The rcporjt.cd investipation
was lim.itcd' to boundary temperatures greater than 300°K. Inthe
former investigation, z;..f;inite difference mo_dcl wasg developed to re-
present -la:teral conduction and normal radiation within a superinsulation,

T‘he reported results ‘did not include effects of penetration thermal
'profaerties-and/or the effect of v.arying lateral insulation conductlivity.
| The results of these investigations have been uscful in preparing
the preliminary thermal pe—rgo-rmance -c};are;ctcristics presented in
this ;‘éport. ‘The great variety. of penetrations and insulation types under
study herz-a has limited the usefulness of the publiSh;::d results; theree~
fore, an ipdependent sttjzdy of penctration’modeling was init.ialcd.

' An analytical representation of the penetlration problem has been
sclected for study. 'The analytical approach may provide a si'gnificaﬁt

improvement in visualizing the interdependence of the many parameters
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invlolved, thus., providing a maximum of insight and information ;'or a
m’inimum of computational effort. A sccond rcalson for selccl'ing the
analytic model over a nume'rica.l model is the easce in sca‘ling detailed
computed results accordi,n-g to the grouping of "natural' parameters
which appear explicitly, reducing the cost of parametric design studies,
Third, -numerical methods for solving finite difference cquations are
often c;)nditi.onally unstable when bouldarics beiween unlike materials
arc present. This problem, which seems to be more serious in cylin-
drical coox:dinates than in rectangular systems, frequently produces
“converged' solutions which are physically impossible. Generally the
difficulty may be overcome on a case by casc basis which can make
the sol;ltion\quite costly and time consuming. In what follows, a
brief outline‘of an analytic solution to a pc'znétration model is presented
Figure 10.d<;>picts the physical model in cross section; the
model assumes radial symmetry about the cylindrical pcnctration's_
axis. Region one represents an ovpti-onal thermal stand off insulation
which~has constant conductivities which may be different in the radial
a.nci axial dirgétions. Region two I'CPI‘CSCI.‘ltS the primary tank insulation
which may have different, constant conductivity values in the tw;)
directions, Radiation effeét.s may be included approximately by including
the appropriate linearized radiation express‘ion in the conductivi_ty value,
Region 3 represents :that portion of the penetration in contact with the

insulation, while region 4 models the portion of the penctration outside

.19



‘the insulation. Conduction in the penetration is treated in one dimen-
sion, At all int:crfa.ces, perfect thermal contz;ct has been assumed for
ﬂ?m p¥ ¢BYRE, iaut'u may 153 passibla te include A éiﬁiid c}ﬁﬁlﬁct'l‘aﬁiﬂfhncu
.in the ft':;ture.

At the outer insulation surface a linear heat transfer coe{ficient
is used; this can model lincarized radiation and/m.' convection., A~
prescribed un—dis'turbed- insulation temperature profile is used at the
extreme right (far from the penetration) and zero temperature is pre-

.-‘sci'ibed a‘t the lower surface, (cryogen temperature fscalccl to zero).
'I;he inside Sux"face of the cylindrical i)cnctration has no hc-znt transfer a:?d
its outer extrémity is maintained at the surrounding tcml?eraturc, TI'I'

Thc-fmathcrn'atical model requires the soluFiOn of four sccond order

. partial aiff_e;'entiall equations and their associated boundary conditions,
The splutions takéa the form of infinite series of orthoronal functions.
A brief description of thé solution follows.

The differential equations and boundary conditions arec:

Ky D ) “, ()Lf nErer 0274l
o 31’ : :

br D f’w)f'—lf D’f -0, Lerfn, pezéd
rar : .
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The mathematical solution to the préblcms associated with
Eemperatures onc and two are most easily solved by splitting the linear
problerx:xs into three problems, cach with three homogencous boundary
conditions. FEach of these problems results in differential equations
withlsepara\ble variables. The separated cquations arc suscptable
to Sturm-~Liouville analysis producfing cigcnvaluc.: and orthogonal

eigenvector solutions, The solutions are of the following form:
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where ‘I‘U’
and the eigenvalucs . A and 3/ arc determined {rom the boundary

conditions and defined implicitly as follows

“&/V\— R“‘ i’ - K'?-' 2.h‘\ * L’Lw )l';'.ut = - I/ Alh
,; H{ ‘C'L V'L HL

O Y (1, )J( (5,5)
J({;n )/(YM ,-,,2 ))/(Y!

e in
The constant B2 is gictcrmlned from he Founcr expansion of the
n

prescribed temperature function f;(z) specified at r = r3. The remaining
constants arc determined by matching the respective series at the

material interface, the upper surface boundary condition, and {rom

‘ the matching boundary conditions at the penetration. The results are:-

-gzn".:, 2\/1{(::)/& ;{zu

K

Z’[j::, (AZn V?f) K" (1zn !’3) -—I‘;(lzn){;) ‘E°(\Azu Yz)]

Space does not permit the display of all coefficients,
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The net heat flux to the tank in the region of interest is calculated

from the temperaturc equatiéns by performing the following operations

£
5T 7
Q Z“”/;z 92 a/f + ZIH’Kze.D_,_ dr

o2
Z =0 . rz o

+2/foL/
: AE g

zo

This solution has been programed and presently gives rcasonable
result.s with locally unphysical points . Sturm-Liouville theory’
indicates that the various series involved arc absolutely convergent.
Therefore, there should be no problem in attaining a stable solution to
these formidable appearing equations. It is anticipated that all r.cmainin_'

errors can be rapidly rectified. A sample of the programming for

this problem is illustrated in Appendix B,

Insulation Evacuation Analysis

An evacuation analysis is required for analysis ol the carly
‘mission perforrr.xance for purged multilayer insulations. A relatively
simple gaseous diffusion analysis with the incorporation of sources
to re:prescnt sublin?apion and outgassing has been reported in NB3S-08,
This basic scries solution to the low pressurc diffusion cquation is
being programed to provide a tool f'or"c.z:valuating the comparitive pun:mp )
down and attendant the‘rmal performance of the various methods of

applying multilayer insulations
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APPENDIX B

: |
Below is reprodtj;ced a sample of the computer routines being

developed for Phase IV pof t‘his study. The routin'e' shown is the time-
sharing vez;aion of theldenetratit;n ana.lysie' calcul:;tion explained in
Appendix A, The routir'e is shcw;.m to illustrate the extensive use of
subpz grams and gem;ral methc;d of approach being taken to the analysis |
coding, An attempt wag made to use. this and other routines f.or

preliminazy a.na.lysis. in|the current program phase but the routine as

shown apparently still cpntains minor errors, and the attempt was

not puccessful. -
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THO=X= e 7TRS3OR] 61 ¢ NA16639T%( 3 ¢ £X)
1=00NN3O58%CFe /XIR$ D+ ON2ER5TIHC T 0 /X 853,
Qe e NON[ALI 5% (T e /X Ik RAg= o NINO2933FR {3 « /K ) ¥%5
3+4ONNLISSRHC T e /Y IHXG -
3y=(FO+SINFCTHO} Y /SARTCKD
G0 TO 1000
100, IF(NU=1)85010,11055010
11N IF(X=-3.512051501150
120 IF(X+3+)502051305130
130. Q=(2{/3-1ﬂ15926 #YRELOGF (Y /2. )$7J(l:x3'-630uavo
142212091 #(X/3+ ) %242« | ARRTIOHCX /T 0 Y514
B=1+3164R2THCC/3LI%KA+e312395] ¥CV /e ) kKR
3--0&00976*(X/1- HK10+eNNTETIHCK/ T 0 I 4412
3Iy=n /X
. G0 TO 1nn0
150 CONTINUE . , -
. F1=eTOTRRASA+eNDNNN S6%C3 ¢ /KD +e0165066THC 3 s 7K 452
1+eNON171NS%C T 0 /XI%%F=eD024051 1 %C 30 /X ) %%l
B+eNN1136534C 3« /I 5£5=200N20033%C 3o /RI*%6 .
TH1=X=2+35619449++12499612%(3« /%)
+aNNNO5E50%C3 e /XD k%0ma0N6ITBTO*( e /X I%%3
p+-onnvaaag*c3-/i YkE4+e000TIBIU%CS s /RIKES
3=« ONN20166%C3 e /X k%H ,
© TRY=(F1RSINFCTH 1) /SARTCXY
1000 RETIRN -
50N0 NOOP=7
G0 TO 6000
5010 NOOP=&
GO TO 6000
5020 NOOP=9
6000 TYPE JGG:(NOOP)l :
566  FOIMAT(SFAILED NOOP=Z,I1)
.- CALL EXIT ] :

END



mailto:3.004.Rln@7916*('/5i

C

10
on
an

50

-

501
691
100
110

120
130

150

791
291

1000

5000,

5010

5080

6000
666

l 0 PR

20
30

S0

FUNCTT ON
CALGILATES THE
‘FOR3/ FILEesse
YY=¥
1F
CIFC(X=375)20,50
IFCZ+3.75)5000,
1=]1++3+5156229

(1 +e2659730%Y 158+

30 TO 100N
CONTINIE

U= e 3ORAND2R 4401
140091 G2RY *Xksk
Q= eN1HATEITHX 535
TF(X=1752601:6
CONTINUE

K=1TS e

NI =R YPF(X) /SN
30 TO 10NN :
IFCNU=135N1N, 11
IF(X=3+75310N,1°
IFCX+3+75)5020,
A=e54+ s RTRIN594%
{1 +eNB6S5RTATRY k%
RBI=R%¥

GO TO 1N0ON
CONTINUR
N=23980429R=+N3
1=01031555%X%%(
D+eN1THTOSA*K* %L

IFC(X=175+2891.8

X=175.

CONTINUE .
RBI= BkFYPF(X)/SQI

K=vY

RETURN

NOOP=1 '

GO TO 6000

NOOP=2

GO TO 60NN

NOOP=3 .

TYPE 6665 (N0OOP)Y

WI(MUit)
AND 1 O]DER I RNESSEL FIINCTION

(NIIY1ON, 10 190

50

N, 30

XN+ T NEOOADAE KL ¥+ one7nqo*v**}
N36GNTORRXHR1IN+aNOAER] FkX a0k ] 2

9“599/X+-00¢25619*€**(’90-500157 G5*XEKC=3)
4= :02057T06#KkK(=5)+. 02635537 +X +(~6)
TI+aNNIG2AT T NH%k(=8)

1,591

TFCX)

25010

n,150

30,130, :
*x+-51a9nﬂsg*x**a+-1snﬂa91a*x**e
«NN301532% Nk 1N+ eNNNIDAL] *X%%1 D

RANDALK=+0N620 1 ¥K Kk =2) +e NN GFEN | £XHA (=3
4)4.0P22R206 T %X k(= 5)‘009395312*XF*( 6)
7)-.00&90059*X**(‘8) [

l:?9l ' '

TF(X)

FORMATCSFAILED | NOOP=8,11)
"CALL EXIT

END - o

FUNCTION BK(NU:Y)
CALCULATES THE 0 AND |
/FORR/ FILE..'..‘..I
TF(NIDION 1100
IF(X=2.0320550,5N
IFCX)IBNNMNN, SNN0O s 3N

RUe( ~RLOGR(X/2e¢D))%RIC0sX)=e5TTRIS00+ 402 TR0 %(
1+e23069756% (X/2+ Y ¥4+ 0348R590%(X/2+ Ik%6+ 002626
2+«0001I0TSO* (/20 )**lO*oOOOOOTAO*CXIQo)**IP

‘GO TO 1000 ' '

COVTINUP
Bu]e2533141

ORDER K BESSEL FUNCTIONS
tfat)**a

d--07832358*(3-fx}+-02189563*(?-/X)**hA

B¥(X/2eI%k¥R


http:NOOP=S.I1
http:FORMAT(SFAIL.ED

-
j = n1062446% (2 /X I*+T+N05RTRTA(RI/XI %4
R=eNONAG51 540426 /X k%5+0N0GB2A0BK(Re /XI¥%G
Ib(?-l75->690936909;6901
6901 {NK=N.D -
50 TO tHan
6908 |GONTIMIR .
BK=3*EXPF(=X) /SORTF(X)
. .. |60 TO 1900
100 |IF cwq~1)501n,110,5010
110 JIF(X=2.03120,150,150
120 |IFCX>50205 50205130
130 . [R=X*ELOAF(X/2. )*nrc1,x3+1+.15aa314a*(xlp ) k@
= BTRTASTORIN/2e ) $%4=e ] B156ROTH(X/2e I %%6
'--01919409*(X/9-)**8--00110&04*(X/? I*¥10
= «DNON4LEREH(X/De ) #%12
RK=R/X
_ GO TO 100D
180  |CONTINUE
© o [B=1e25331414++234986194 (29 /X" e03655620%C2 ¢ /X k%2
te01504268% (24 /X)) %%3=MNTBNASIH( 2o /X I k¥4
+eNN325614%( 2. /X)**S-.ﬂOOGBPﬁS*(E./X}**6
IF¢x= 175)6904:6904:6903 :
6903 |BK=N.0
GO TO 1000
6904 . [CONTINUE
~. BK B*FXDF‘(“" )ﬂl\ﬂm\“ldiht'
1000 IRETURN
SONN  |NOOP=4
GO TO 60N0D
5010 NOOP=S
~ GO TO 6000
5020 (NQOP=6
600D ITYPE 666, (NOOP)
666 |[FORMAT(SFAILED=-BK NOOP—SII)-
CALL EXIT
END
FUNCTION OCNY | . '
COMMON T:RlJRPJR?:ALQW}GQM:AKI:HK?: .
AKP, S, H12HR, TH, Hs AKR] » AKR23 AKZ1 5 AKZ2 -
IDIVENSION ALANM(2,0/50),GAM(2,0/50)
. 0=CCAKL Z78LANCLS N) ) *+2%SINFCALAMC 1> N)*T/AKY1 ) =CAK1 *T/ZALAMC 15 N) )
l*POSF(ALAhtloV)*TIAKI))/RF(N)
RETURN
SN
FUNCTION BFEN) o
NOMMON T>R1s ﬁa,nn,ALqm,aam,sz,nae.

. .
L%, Wit b TS

a‘\'lo—-

Jhko.s,Hl,Ha,rH,H,qan;,AKRQ.AKzl. KZa
DIMENSION ALAMC2,0/50),GAMN(2,0/50)
TFCN=1) 10520, 10

10 -Vxxx:n.or

GO TO 30
80 KYXX=DCNI*EC], NI *H
30 CONTINUE

TERR=T=(AK1 /(2 +ALAMC 12 NI ) I*SINF (R e *ALAMC L s NI *T/AKL Y
~CRI(0:ALAM(l:N)*RP)*qKCO:ALﬁM(laN)*Rl)

1FBIC0,ALAMCL > NDHRT IXBK(0s ALAMC L2 N *R2)

0-(QKR1*AK1*AK1/(S*AHP*QLQN(I:N)%A ANMCEINID)

1 o


http:10.20.10

i\)o—-

N

—n

&

${:ﬁtﬁﬁil,m)*n¥?ﬁ?thwc1.ﬁ3in T
~ALANMC 1, NI*BT 1, ALAME LS NIHR1 D ATIKC
-ﬁxxx/nla)*TF1R/? o
RETURN _
END k
FUNGTION ClCN) - '
C 04 0N T,RI,RQ,R?afL%M,GAV,AKI AK
AKP, S,H1sH2, THoHs AKR] » ARKR2,AKZ1 S 8
. IDIKENSTON ALANMC2,0/50),GAM2,0/5(]
L I01=¢3.1415926%HL % TH*M IO, GAMC 1 5 N)
/CCCAKZI®#GAMC1,N) /BKL ) +COSH( GAMC )
aT/AKl)J*cndto,snwc1,N)*R1)+8Jco,
RETURN
END
FUNCTION C2(N) .
COMMON T»R1,32,R3sALAN, GAM.
AKPsSsH1>H2, THaHs AKR1 s AKRAS AKZ 154
DIMENSTON ALANMC2,0/50%,GAM{R2,0/50
0o=(3e1415926%H2%TH¥RJI(N GAM(2 N)
ZCLCAKZORGANCR, N) /AK2 ) #COSH GAM( S
#T/ZAK2Y 9% (R J(N5 GAMC2s NI*R2I+RJIC0,
RRTURN
BN
FUNCTION R2(N)
COMMON T>R1-,R2,R3.AL Q["]JGQMJQKI:AH
lﬁhpaS:HIJHQJTH:H:AKRI:AHBQJAKZIJ@
DIVENSION a4LAM(2:0/50),GaM(2,0/51
TERR=T=CAKS /{2« #+ALAM( 2, N> ) I *5 INF(
NR=( (9N .+ /TERRI % (AKR/ALANCR, N ) &%
1 CALAK (25 NY#T/AKR ) %COSF CALANC 2,5 NI %
O/CTHNTCNS ALAMEO, NY#72) %BKEN s ALAYN
3-BI¢0,ALAK (2 N)IAR3I#AK (0 ALAM(2SY
RETURN
END . ,
FUNCTION Q(N)
COMMON TsR1sRA5R3sALAN, GAM, AKX AN
1AKP, S HL,HB, THoHAKRL 2 AKRE, AKZ1 2 4
DIMENSION ALANMC2,0D/503,GaM(250/50
O=C(AKR1 %2+ *SINFCALAMC 151 I%T/AKL ) /
- 1R CCGANCL NI ZAKTY #COSHCGANC 1 s NI *T A
D4+C(HY /AKZ1 Y *STNH(GANMC 1 » NI T/Z7AKE) I 4
L BECCBAMCLIND ZAKL Y ¥%B+CALANC] s 1) /AK
RETURN Co
FEND
"FUNCTION G(ND

COMMON T>R1,R2,R3,ALAN,GAMAKLS AKS

1AKP, S, HILH2,THsH, AKRI» AKRA, AKZ L5 A
DIFENSION ALAN(2:0/502,GAM(R,N/50N
G=(AKRPESINFCALAMCLI, 1)%T/8K]1)
1#C=BAMC2, NYFRY N, (EANC2,NI+R3 ) ) %7

2+GAM R NIERIC0, (GAMC2,NIFRII IFAY(

3 (GAMCR, NI /ARSI FCOSH(GAM( 2, NI *T 4

A+ CHLZAKA1 ) *SINHC(GAM( 2, NI T/AKRI I )

5*((BAF(Q:N)/AHQ)**Q+(ALQM(1:l)/AP
RETURN
FND

FINGTION FCND

AK1,AH2

RCT ACAMC T, WO *R|
DsALAME Y S N)EIRD)

2,
wza

)

*Rl))
,N)*T/AKI)+H1*SI$H(GAN(1:
GAMCLl,NI%*RE2))I)D

2,
KZ2
)
#R2)) -

2T /ZAKR )4HH2 %S [NH(GAM( 2,
GAMCR,NI*R3IY)

?:

K78

)

2 kALAMI2,NIXT/AK2)
P*(SINF(QLHM(P)N)*T/AK?)'
T/QKD)))

(2, NI%RI)

Y*R2II)

{8, .

K72 -
),

(3. 1415996*n9>>
AKl1)

(PN

1 3%%2))

1

2,
K72
)

J(!;(hﬂN(ﬂ,N)*np))
1>(GAMC2,NIXR2)))
AKS)

7{PCN)

1)%:%2))

89



CONMON TsRisRO,H32ALAM, GAN, AKY S AFS, -
 JAKP2SsH1,H2, THaHy AKR12AKRASAKZ] 1AKEA.
DIENSION alAM(2,0/803,GAMC2,0/500. " o .
Fa¢{=-AKRD/R2YL{CALANMCY, 1) ZAK]L ) %S NF(QLQM(QJN)*T/AH?)
1+#COSFALAKCL » 1)ET/AKLII-CALAMI2, NI /AKE ) *
ACOSF(ALAMC2, N)XT/AK2IRSINFC(ALANMC S 1IRTZBK13))
F/CCCALAMID, NI ZOKS I 20 arlf AT ANE T 21 3 ZAKT Y15kkD YD MY
NETHRN
END

"FUNGCTION POND

COMON TLR1>R2,13,ALAMGANMIAK]L »AR2,
1AKP,S,H1,H2, TH>H, AKR1 > AKR2,AKZ 1 s AKZ2

NIMENSION ALAMCR,0/5N):GAMC2.07/50)

K= F'(AK!/(?-*QLQF(l;l)))*SINF(P-'QLQM(I:!)*T/QKI)

P-(AVQI*Y#D(I)/P )*(-QLAF(IJI&VQ Cﬂ;ﬁpﬁﬂ(l:l)*ﬂl)*QHCI:ALAMCIJ
I*RP)“QLQN(IJl)*ﬂI(I:QLQV(IJI)?Rp F+AKCO>ALAMCTI s 1 IERIIIRFE(NSI )Y -
2=AKRA%{( (-ALAM(2,NYIXBI(0,ALANMI2,8) Q3 3%3K(1, AL!‘-\[‘G(?JN)*RP)
3~ QLQM(Q)N)*HI(I:ALPN(D:N)*RQ)*BhﬁﬂaQLAMCP;N)*R?))

L (CALAN (15 1) 7K1 ) #SINFCALAMNC2,; NIST/ZAK2I4COSFCALAM( 121 )% T/7AK])
5=C(ALANMCO,NY /8K Y *COSFCALANMCS, NIXT/AKDY:STINRC(ALAM L 1 X *T/Z70K1))
67¢(CALAMCE,N) /AK2)¥kB=C(ALAMC 121 Y/8K] )*%22)

RETURN

" END

FUNCTION F{WN,M)

COMMON T,R1,R2,013,ALAM, GAMsAKLLA
lAKP:S}HIJHQJTHJHJQKRI:AKRE:AKZlag
DIMENSION QL.QM(Q:ﬂ/SO)JGi\M(Q:O/‘i%

2,

KZ

)y .

> NIXR2)

»+ER3ID
*T/QKQ)*SINP(QLAN(IJM)*T/AKI)

ZAK2)%COSFC(ALAMCL »MI*T/AKL D))
)/AKIJ**?))

- E=(IC05ALAM22 M) #R3D#RK (N, ALAMIC
1=-RIC0ALAMC2> NI ERBIKXBHID ALAM( S,
2% (~ALAM{2,N) /aK2)%COSF(ALAM(E,N
3+(ALAN(lxN)/QKl)*SINF(ALAM(Q'V)¢
4/(1-*(CQLAM(Q:N)/GK?)**P {ALAMC( ]

_RETURN .
END . '
FUNCTION DC(N) '
|

CALCULATES D CONSTANTS
. COMMON TsR1,32,R3,ALAM, GAMaAKILA
18KP,>S,H1,HRs THsH, 8KR1, AKR2,AKZ1,
PIMENSION ALAMC2,0/50)5GAM(2,0/5
TERR=T=CAK1 /(2 *ALAMC1 5 N) Y I*S T NF
D=2./(TERR*(RI{(N,ALANM(]1,N)*R1 } %R
-RI(QJQLAM(laN)*RB)#WK(O:ALAM(l:
RETURN
END

HZ2.
?-*ALAM(I:N)*T/AKI)

(0, ALAMC1 NI *R2)
JX*R13)

oy



PROARAM  PAPY )
-3EEETRAT10N ANALYSIS PRO(RAM
CONHON T>R1,2,RT2ALANMS GAN, AKL2AK
(K122 SoH1H)H2, THsHaAKR L 2 AKRZ, DDMMY
erﬁwsrpw ALARL2,0/50) 5 BAMER, 075N

14

; )
?1%0/50);09(0/50?:9UM1(O/SO)JSUMQ
TY=E 10001 '
ACTEPT 10,
TYRPE 10002
ACOEPT 1NsR1
TYPE 100073
-RCLCEPT 10,R2
TY®E 10004
"RAGOERT 1nsRY L.
TYPE 1NNNS
NCORPT 10.95
TYPE 1NNNG
NCOEPT 10, 4L
TYP® 10007
AOCEPT 10, AKP
TYRR .100NA
NCAEPT 1NsAKRY
TYRPE 10NNDO )
NGCERT 10, AKZI
TYPE 10N1N
ACCEPT 10, AKR2
TYDE 10011 ,
NCARPT 10N, AKZR
TYPE 10N173
ACCEPT 105 H1
TY®R 10014
ACGEPT 10,H2 -
TYPE 10015
AGGWRT 10, TH
TYPE 10016
ACCRPT 1N,DLEGI
TYPE 10017.
ANOERT 11,¢EIGH
TYPE 10N R '
ANCEPT 10, DLE3A
TYRFE 10019
ACCEPT 11, +EIGR
TYP, 1NON2N -
ACCERT 11sMNL
TY>E 10001
AGNSPT 11, ¥NLP
TYPR 1NN0eo
ACCERT 115 MNN
TYRPE 1NN23
ACCEPT 11.,0NNP
TYPE 1NN2Y
AGCREDT t1N,0C0NY
TYPE 1NN2S
AGCEPT t1,vM
TYPE 10024

T

91

» "

DY)

(0/50)241C0/50)

5 SUMECD /S0 )5 ALLCN/§N )5 ANNCO 24


http:64M,GAV',,K1.AX

tn’

11

1 0NN1
10NN2
1NN03
10004
1NoNs
10006
10007
1NOnNR
110009
1NnN1n
10nt1
10013
1NNt A
10N15
tNNL6
10N17
10N1R
1NN1 9
1nn2n
1nnoy
10nos
10n23
1NN=4
11/NDs

1 NN26 T

1nnay
tAnAn

1NA2g

10030
10031
1 NN3n
1NN33
10734

TRCRERT TS AT

TYPE 10n27
[ACCERT 1 t,MMPL
TYPE 1Nnewn -
ACCEPT 115 MNAZ.
TYPR 10N29 - . |
AGCEDT 11,MN9%1

ATYRPRE 10010

AQCEPT 11,MN31P
TYPE 10031
ANCEPT 11,MT1 .
TYPE 100135
AGCEPT 112MT2

fryeE 10033:

ACCEPT 10sR
TYPE. 10034
AQCRRT 10,7

FORMATCF|NaS 7Y
FORMAT(TIA/) .
FORMATCS . U, T8
FORWATCS R1=%)
F3QMQTcs' \ ‘R2=3)
FORMATCH ‘R3=$)
FORMAT(S J 5=8)
FORMATCS AL=%)".
FORMATC(S - °. AKP=$):
FORMATCS . ' - AKR1=§)-
FORMATC(S . . AKZLl=S5)'
FORMAT(S * «  AKR2=8)
FORMATC(E ' © ° AKZ2=8).
FORMATCS ) ° ° H1=%)
FORMAT(S. § , *  H22%)
FORKAT(S © . - TH=$)

FORMAT( SDELTA EIG1=%)
IFORMAT ( SMAXNUMEIG1 =8)
FORMAT(SDELTA EIG2=5)
FORMAT ¢ SMAXNUNEIGR2=8)
FORMAT( $MMAX N OF L=%)
FORMATCSMAX § IN L=%)
FORMAT($MAX N OF N=8§)
FORMATCSIAY 5 IN N=§)
FOAMATCSCONY ORIT.a§)
FORMATCSMAX 51 SUM=F)
FORVATCSHAX N2 SUm=5)
FOR®AT(SNAX (N3 SUM=5)
w?nwanmwax AR SUMED)
FORMATCSMAX A1 GUHG=5)
FORMATCSX BLP $UM=3)
FQRMATCINAX T1 SUM=%)
FORMATCSMAX T2 SUX=S)
FORMAT (S R=%)
FOIMAT (S . 7=EE)
AR =AKZ L /AKRY

ade=axvasaKnR

BISENUALPTS o
J=h
ntlarc1s03=04n
nhmmcn,n)=n-n



http:uRAT(,.AX

15

20’
30
385
40
50~
60
100
103
04

203,

105

SHALE=aKL{ /T

ARKX=AK]
AKZX=AKZ1
1=t ., |
HX=H1
CONTINUE )
UP=1.2%SCALE

" DEL=7«2%SCALE

qﬂ-lon

ALANC T J) = ALANC T, I~ 1) +UP
A=CALAMC I JY*T) ZAKY '

N= (ALQV(I;J}*AK?X)/(AKX*HX)
Dl= qwa<A>/POSF<A)+B
DEL=DEL/2.N
nLamcI,J)-ALqmcl,aa-QEL
AT=CALAMCT > JY*T) ZAKX
NA=CALAMC T s JISAKZYI ZCAKXHHX
N2=SINFCAR) /COSFCARY+T4
IFCDLEGT =D2*D2320:100,100
IF(DIDAIZ0, 40, 40

=g
% Arg/p n
ALANMUT, J) =8LANMC L, J)+$%DEL

Wl—DQ

GO TO 15

IF(D1YSN, AN, B0

ALAM(TI, )= ALQM(IJJ)+DEL
G0 TO 135

ALANCI, D)= QLAN(I:J) -DEL
GO 1O 15
IFCT+J=-132035103, PU?
TYRE 204

!
FORMATCS -LAMBDACIL, ) /)

OQONTINUE
TYPE 1NS5,C(1,J,ALAMCI J))
FOREATCIR5X2I255%XsF1N.5/)
P=3.2%SCALE ’

NEL=ALAM(I, J)+UP-(J*3 Iﬂt50?1+l 5713%5CALE

;fugl+1

IFCI-MRIGL 35.5.110
I=I1+1 -
J=1

AKY =AK2

K7 X=aK70
Hy=Ho

PALF=QFP/T
RL=3.2450ALE
IFCI=-231,15115

TYPE 180
POWM#T(?HIGENUAQUE EQUATION
RIGQENVALUF - 2

GAr(l,N)=N.Nn
BAN(25,0)=0.0
S=l.0

III=1

R1X=71
RAX=NRA

1 COMPLETES$/)

93



ai_,fT“
at o

IF (RI¥X-R8%) 51,515,410
TAsT« /(RIX=-RA2%)

‘60 TO 61

5t
61

70

1-
-g 0.-

.

90
g5

101
200
1 OF

199
'QOL

A v]
2
0

1000
1013

1027

1400

2728

1

119

380

1

'm’)m

NS
?ﬂéf

TA=TF+/(RAX-1X)
DEL= TA/S.
k=1
GAaMCITIL»Id)=GAd 1l 1rt=1IdTRr~
D1=RJ0N,GAMCITT, T I¥RIXI*BY(0, GANM IiI:I)*RDX)
BJCN,3AMCITI, I)HREXI*BYLN»GANMC I I:I)*RIX)
GAVCITITI»Id)=GAMCIII»TI)+DEL%S
DNa= 1J(OJFAN(III:I)*RIX)*QY(O:GAM(III:I)*RPX)
Rd(ﬂ:FAb(III:I)*R9X)*HY(0:bAV(IEIaI}*RlX)
IF{DL4DN23Y3N,90.101
IF(DaxD2=DLEG2 " .)2002200,95
o=G -
DEL=DEL/P«
n1=nN=
30 TO &0
D1=D2
G0 TO BN

LI=T+1

\.]l}=I "'l.

IF(JJ*IlI=1 020t 1vynasyt

TYPX 109 '

FORMATC S GAMMA(NU»X) $7)
CONTINIRE -

TYPE 202,CI111, JJ:GAN(III:JJ))

FORMATC I225%K21245XaF1057)

S=le ) '

DREL=TA/Se o e

IFCT-MEIGE )70,70:1000
IS¢III~-1)1027,1013,1027

J11=2 -

R1X=R2

R2X=13

G0 TH 31

CONTTNUE

TYBE 1400

FO?MQT(%FICENUALUE EAUATION 2 cdw LETES/)
H=OKRI*T/(2.4R2%PC1)) "

TYPE R72R )

FORICATC(TH FUNCTION COMPLETES/!

SUMCN)=NN -

NO 310 IJ=1,¥N0L

PO 32N IK=14y MNLP

SUCIRI=GIIMC IK-134BCTH, T DIHL(FCIT )*RQ{IK3+G<!K)#09CIHS
F#NCTRIFCICIKY)D

Asi=Sir (LK)

IF CCSUMCIRY Z3UMC L)) %%x0-CONV*%2)319,319,320
VNLP=1K

TYPE Q797

CONTINIE

ALLCI N =NC L) #SHMA

IF (I1.J=-133N9,3N3,309

TYPR 305

FORFATC SFUNG=LEN) N L(N)ﬁ/)
CONTINIJE . '
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N/ CS*AKP*R1 ) =SUMCT ) I ZRFCTJ)

IF ((QLL(IJ)/ALL(I))**P-GONU&;°)
MNL=IJ
TYRPE 2727 :
FORMATC( St Rk CONYERGE Dok o
TYRPE 3185,C¢1 0 ALLCT O
FORMATCINX,I2,8%sF1NS5/!
STiMCN ) =N D )
DO 41N TJ=1, 14NN
NO 420 IK={,NNNP _ _
SUMCIK)=SUMCIK-1 Y+ {AKR1%AK1%AK] /
1C-GAaMCI, IKI*BJCL» CGAMCT s IKI*R1 ) )
O+GAN (1, TKI*B IO, (GANCL, IKI*RO) D H
3FSINFCALAMC L s IK)ST/AKL )
A% CGAMC1 s TK) 76K ) xCOSHCGAMC 1 » 1K)
5*{H1/AH?1)*QINHCGAM(I,IH)*T/éKI)
- BSUN =SHMCIK)-
{ IF ((SUM(IK)/SUN(I))**D-CONU**Q)
MNNP=1K
TYPE 2727
CONTINUE
ANNCIJI=((=- AKRI*AK!*AKI*ALL(IJ)*

IFCTIJ=10409,404, 409
TYPE 405
FORMATCSFUNC-NC(N)
CONTINUE w

N NCN?$

IFC CANNC I ZANNC 1) Y42 =CONU**2) 4
I."N[\!-—..Id

TYPR 2787

TYPE 115,(IJ:AVN(IJ))

ASUNM=N0 .
ASTIL=0 0 o
ASIIYO=N ¢ 0 o
DO 61N IJ=1,MM L

TERMsN.0 . l .
IFCIJ=1Y603,607,608 |

TERM=DC1I*EC1a0 %0 | -
CONTINUFR L.

1 ASIM=ASUN+CAKL Z/ALANA L, TJ) Y k2

1%C = QLL(IJ)/?I+Q“N$IJ)*(QLQW(I s 14
?*RK(IJCALQMCIJIJ)TRI))-ALQW(l Id
3*1H(0}(QLQN(I:Id)*Rﬁ)))*((SIVP(ﬂ
ﬂ(ﬁLﬁN(l:IJ)/QKI)*COSF(QLQV(IJIJ)
h+TEME )

CONTINUR .

N A2N TH=1,MmA
ASTMI=NASHNI+C1 (NI RAKTRAKL Z/B3AKMC ] 2
L %=L TKIHTIJC( L > (GAML 1, IKI#RL)D
BHEGAMN (] TRIRT NS (BAMC L TRIERD) ) ¥
33 ({1 o ZCT-ALYIRSINHCGIANC 12 IXI&T /A
IR OSHRAM 1, IRI*T/AKL) )Y

CONTINUR

N0 6N IL=lsMiEP

TRiRM=MNeN

IF (TL~1)6P3»,625,627
TERM=D(1Y*0(1¥*E (1 203:kH

CONTINUE

108:303:?!0 .

rreees)

(SHAKPXGAMC ) » TH) 30D )%
¥BYC0» CGAMC1» TKI*R2))
BYC1,CGAMEL, TKI*R1)))

*T/AKL )Y
Y*&C1(TKY.

419,419,420
ALQM(I:IJ>¥*2)*CT/F.)

/)

082408410

L)*RH)))
1))

(T=ALY )+

Yk(= ﬂI(l:(ALAM(l:
YERIC1L CALAMCYIS T Q)
loAMCt s TJXET/AKY )/
RT/Z8K1))

TK)
IERY LN CGAKC L, IKIZRD)I)
RY (1 (GAMCTITKI#RLIID

1= C(GAMC1, TKYS KD


http:IY(,CGAMCI,IK)*R.fl
http:1C(-Gtab(CIX)*Rd(j|.,c(8Ac(.1c

[P LR S LI T L]

ASUIP=ASUNMA T CART ZALAMC 15 1LY D *ha%C ~TRRM/NT
14+0CILY*C=ALAMI L, TLIFRT (s CALAMC 15 IL) #R2I VRRKC 15 CALANC Y5 TLI#R1 D)
D=ALANMC L, TLIATTC15 CALAMC 1, TLY*R1 5 I*AKCOs CALAMC 1o ILI¥R2 )
3%C (10 /CT=ALY ) *STNFCALAMC s IL)*T/AK1 3 +CALANC 1 » 1LY ZAK1 ),
4*COSFCALAMC 12 PLYXT/AKLIY) |
ghn | BoNTINGE - !
Al = (=TH+AKRLASHINCHN) /¢ SYAKP) = AKR] £SUMI CMNA) /¢ SHAKP) )
/C=AL/(T=AL)=AKR1 #SUMA CNEP) / (S2AHP ) )
|TYeE 637
637 |FORMATCSFUNCTION ¥ CALCULATEDS/)!
. {PO 710 11d=1,M8L :
L AL CITO) =ANNCITI) +0CT T Jd AN
710 [CONTINUE
. |ryer 71s '
712 [FORMATCS FUNGTION A1CN) DEFINEDS().
.|PO 451 1L=1,wvNAD . R
451 |A2CILISFCILI#A2CILI+GCIL KGR L) FACILINC CIL)
ARC1)=ARC1)+H*A1C1) c :
‘TYPE 452
452 |FORMATCSFUNCTION ARCN) DEFINEDS)
: SUMC 1 Y=04n. oo ‘
NO 510 1J=1,MN31 '
DO 520 IK=1,NNR1P
SUVCIK) = SUN(IK-I)+F(IK;IJ)*A2<IK'
ASHM=SITMCIKY

~ Ib((n%U“/SUM(IK))**P CONU**2)5194519,590 :
516~ [MNMNIPIK
- ITYPF- 2727

5920 CONTINIE -
A2CIJY=DCIJI*SUMCT.
] IF(IU=1)599,505550¢
505 TYPE S06
5N6 FORMATC SFUNC-T1 () N, © T BLIND$!
500 CONTINUE - : .
. A1F <(11(Id)/Bl(l))**P CONU**P)SOG:%OB:SIO
S5NR . [MNB1sId
v ryeR 2727 -
510 TYPR 11%;(1J;31(1J>) '
ASUM=NG
NO 730 T=1sMT]
ASHM= QSUM+QI(I)*(-RI(O:(ALAM(I:I)*R))*BK(O:(ALAW(I: I*R2))
“NIC0, CALAME L 5 IORRDIIMBKLOL CALAMCL s 1 IRRI I Y
HSINFCALANCL, 1V *7/AK1Y
+R1CIY*( = RI(O,(ALQN(I;I)*R))*HK(O;(ALAM(I:I)*RI))
+ATC0, CALANMEL > TIRRIII*NKC0, CALAONMCIL I %*R))) . -
HEINFCALANMC L2 1Y %2 /78K1)Y .
+C1CTIIHCAY(N, (GAMC L1, TIRRANIKBIN, (BAMC L5 Ty~
-AJ(GJCGAMCIJI)¢W°))¥HYC0:(GQM(!:I)*R)))
mSIVH(FQN(l:I)*?/QKl) Ct
TYPE 731-C1,45UM) '
731 F?fqi"fﬁ.T(ST‘“S: I225%sF105)

1

e JESH- N BN ul-

730 NTINNE

Tl=asmy:

TYRF 7365TI

136 FORUAT( R s esaesTE=5,F105)
TYBRE 732

7138 FORMAT(S T1 COMPLETES)
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ASHY =ASH+AD(T )= 1I(0:(QLQM(9:I)&Q))ﬁﬂh(ﬂp(ALAN(O:I)*HS))
I+Rl(ﬂ:(ﬂLnN(9:7)*W?))*UK(G:(QLAM(D;I)*?)})
DESINFCALAYLD, TY%7Z/7AKD ) -

A+N0CT 3kC=TIT N, AL
44310, CALAMCO, L e
SECINFCALAMCS, T 7
6+CACTIYR{RYCN, (GANY
7'%d(0;(bnM(931)*q

an(ﬁa!)*R))mﬁﬂtﬂ:tnantﬁ:t!iﬁﬁ!)
qo:>Anucn,tanw<9,r>mn:a>
V£:118-5 2

(9:I)*Q?))*?J(O;(CAM(P:I)*R))
3))ERY(0, {GAME2,TIY%RIY)

BESTNHCAANCR, 1Y %Z/AK)

140 TYPE 742,C(L,A5UNY

742 rO?FﬁT($T'-$:IP:5K;F10 5)

TR=ASUM :

. TYPE T44,T2

Ta4 lFORMQT(So-t..ooTQ
END .. .
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