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ABSTRACT

External insulation systems have been studied quite extensively in the

past few years. However, there has been no single source which evaluated

these various studies and assessed the relative merits and/or deficiencies

of each concept. The purpose of this present effort was to bring together

all of the available information in a single place as well as to provide the

basis for determining the areas in which future development should be

undertaken.

The purpose of this, the final report, is to highlight the early parts of the

study, to summarize their results by way of a guide to this final effort, and

to present in detail the final evaluations, analyses and conclusions.

0
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1. 0	 INTRODUCTION

1.1	 Objective

The purpose of this work was to provide a single sourcz manual that would

serve for the evaluation of external insulation concepts and that would also

provide a basis for determining future development areas.

This manual contains: (a) a complete and current bibliography of the field

of external insulation concepts; (b) a synopsis of each relevant or useful

publication found; (c) a systematic, visible, and methodical means of

9	 evaluating one concept as compared to another to reduce the field to a

manageable size for further study; (d) an analytical method of evaluating the

reduced field to produce sufficient self-evident knowledge to reduce the field

further and finally (e) a thorough analytical evaluation of the remaining field

that will result in sufficient understanding and knowledg - to determine the

areas in which future developments should be taken.

1.2	 Tasks

The program was divided into four discrete areas with a deliverable item,

a report, to mark the completion of each. They were:

a
1
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0 (a) Initial Research Phase - The purpose of this phase was

to perform a literature search, construct an accessible

bibliography, provide a synopsis of the relevant reports

found, and finally to categorize the literature according

to the insulation materials or insulation concepts employed.

The purpose of this phase was to build the technological base

for the future phases and to assure an effective utilization

of the technological equity built up in this field.

(b)	 Initial Study Phase - The point of this phase was to make

a systematic, methodical., and reproducible selection of those

10	
concepts found in Phase I which were the most promising and

warranted further analytical study and development. Criteria

included, but were not limited to: best thermal characteristics,

applicability to intended use, maintainability, reliability, and

others. The field was narrowed to five (5) concepts for further 	 I

analytical study during the Interim Study portion of the program.

A result was not only the selection of five concepts, but the

design and execution of a systematic, visible, and methodical

means of evaluating future concepts. Therefore, this program

was not limited to only current concepts, but may be applied

-A
2



to all future concepts as they arise. It is important to note

31 .	 that the method described in the report was not only used bP	 Y	 Y

the present contractor to narrow the field to five, but also

may be u_ed by NASA to evaluate future concepts to help

determine which merit further analytical study or development.

(c) Interim Study Phase - In the third program phase preliminary

thermal analysis, support analysis, producibility, operability

and other factors were considered for the five systems chosen

above. Three systems, a shingle with substrate, fiberglass,

and blanket were chosen for detailed analysis in the fourth

phase. In the third phase also development work on mathema-

tical. inodels for that analysis was nearly completed, and

summaries of the mathematical models and programming were

presented.

(d) Final Study Phase - Phase IV carried the work to completion

by analyzing all five promising concepts, resulting in a

rational and self-evident documented choice of concepts for

further development. This additional analysis, encompassing

a shingle and a continuously wrapped system, was made

pos6ible by an extension of contract scope.

is
3



This effort, the su0stance of this final report, includes an assessment of

the: merits deficiencies and further devel.o 1	 requirementsuirements of theQ

systems selected in the proceeding phases. Support systems were analyzed

together with parameters of maintenance, reliability, and other factors that

might limit or compromise any of the concepts. A complete analytical study

of each selected insulation system was made and this work comprises the

bulk of this report.

2.0	 INITIAL RESEARCH

2.1	 Bibliography

The bibliographywas produced with the aid of several National Documentation P

Centers to insure that it was both complete and current at the time it was

prepared. Among the data centers used were the following:.

The Cryogenic Data Center of the National Bureau of Standards

i
at Boulder, Colorado

f	 This center is renowned for comprehensive past and current work in

cryogenic literature processing. This data center enters approximately

8, 000 papers per year entirely from the field of cryogenics. It conducts

approximately 120 major searches per- yea ,.-, and provides a current

awareness service to 7C0 paid subscribers and another on superconducting

4
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devices to 150 paid subscribers per year. It searches 200 journals cover-

to cover, 3 title announcement periodicals, and 20 abstract journals. By

this means, it covers about 300, 000 titles.

This was by far the most valuable resource for the study.

	

2.1.2	 The Science Information Exchange of the Smithbonian Institution,

Washington, D. C.

This center was interrogated to discover research still in progress but not

vet published. This is the nation's only library of research in progress and

is indispensable for finding the location and purpose of such research. It

catalogs about 100, 000 unpublished summaries/yr. w?rich can be searched

by modern computer techniques to extract those current research sun-unaries

relevant to the program.

	

2.1.3	 The Defense Documentation Center, Defense Supply Agency,

Alexandria, Virginia

This center was interrogated as a means of double-checking the above two

sources.

c
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This is the central facility within the Department of Defense for processing

and supplying scientific and technical reports of defense-sponsored research,

development, test, and evaluation (RDT&E) efforts. It maintains 800, 000

reports, and like the otr er centers was computer searched to obtain the

technological base for the study.

	

2.1.4	 The NASA Scientific and Technical Information System

This information system summarizes, indexes, and stores the results of

worldwide aerospace research and development activities. The NASA

information bank now contains more than half a million documents, and

it too was searched along with the others principally to assure thoroughness

and completeness.

	

2.1.5	 Other

In addition to the national documentation centers, private libraries of the

authors were used, chiefly as a check upon the completeness of references

supplied by the various centers.. Also, a very useful bibliography and set

of reprints were supplied by the Technical Contract Monitor at the time,

Mr. M. L. Davis, of the Power Generation Branch at-the NASA Manned

Spacecraft Center, Houston, Texas. Mr. Davis' help is acknowledged

sincerely.

6
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	 Z. 1. 6	 Search Request

A complete literature search was requested of each of the centers described.

The specific request was:

Please perform a literature search on the topic of:

EXTERNAL INSULATION SYSTEMS FOR CRYOGENIC

STORAGE SYSTEMS

Cryogenic storage systems for the extended space missions of the future will

require more fluid capacity than current systems, and thus new design and

developmental techniques will need to be evaluated. We wish to investigate

41,	 high performance external insulation systems for use on flight-weight

cryogenic gas storage systems. By ''external insulation'' we mean anything

added to a cryogenic storage system for Lice purpose of thermally protecting

it from its environment. This definition excludes the vacuum annulus of a

dewar. The fluids stored are hydrogen and oxygen.

This statement was deliberately designed to include all possible relevant key

words to insure a complete, valid computer search, and was sent to each of

the Centers.

0
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2. 1. 7	 Search Results

In the course of the study, approximately 440 leads were found in the litera-

ture and 220 of these were deemed of sufficient interest to warrant acquiring

hard copies and studying. One hundred ninety- two synopses were prepared.

The complete bibliography, directions for its use, availability of original

'	 sources, etc. , is presented in the:

''EXTERNAL INSliLATIONS''
Contract NAS9-10583

Bibliography, Synopsis and Category Report
July 2, '1970

This report is available from:

National Technical Information Service
Spr ingfiled, Virginia 22151

as Report N71-16865, for a price of $3.00/copy or $0.90/microfiche.

2.2	 Catego r ies

A r-:ajol, p?-ne_.it le that guided this study was that the results actually be

useful (useable) later to anyone having a need. The main idea wws to make

a critical review and evaluation of the field that would stand up for a long time;

that would pull together in one place all that was known about external cryo-

genic insulation. It was meant to be a.beuchmark study that later investigators

could accept without further searching.	 In fact,	 it was designed to be a starti ;g

point for future research in this field.

8
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To arrive at this result it was not sufficient that a bibliography be prepared

and synopses be displayed. One ought to be able to categorize the findings

so that later workers could enter the system painlessly at any level of

sophistication or interest and extract what was needed.

Accordingly, major- category determinations were based on the information

Xound in the bibliography and in the synopses. Typically, these were based

on concepts, materials, and techniques.

Ironically, the categories were themselves categorized. As noted, large

numbers of documents were assimilated, and one hundred ninety-two synopses

were prepared. Because the technological base was so broad, it was decided

to prepare two types of categories. The first dealt with materials and concepts;

the other dealt with specific properties necessary to assess the utility of the

insulation. These two categories are described below.

2.2. 1	 Material/Concepts Categories

The categories selected are eleven in number and are:

1.	 Publication Categories - such as review, patent,

analytical, experimental, etc.

9
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Z.	 Materials Categories - such as superinsulation, foam,

cork, etc.

3. Shroud Mount

4. Vapor Cooled or Refrigerated

	

3.	 Continuous Wrap

6. Blankets, Panels, or Shingles

7. Pumped, Evacuated, or Cryopumped

8. Purged or Gas Filled

	

O9.	 Perforations, Pump Channels

10. Installation - includes bonding, sealing, taping, penetrations,

and supports

11. Mission Studies, Economic Studies

(For a complete description, please see the Bibliography/Synopsis/Category

Report mentioned above. )

A typical page from the category section follows. It shoes how one could

eliter the system to extract all review .papers (coded as "RV" under ''Publica-

tion''), or all continuous wrapped forms ( coded as "X" in "Continuous Wrap

Column).
10
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/	 T ELCHNIQ;IES/AP?LICATIONS

^	 ^	 1

b

Swallcy (1964)
NBS- 17 EI SI X X X
S - 46

I

{
Van Vlict (1965) I I
NBS-27 AT MC X X I
S-47 {

{ I
Key (1964)
NBS-28 TB HC X X
S-91

Taylor (1966)
NBS-30	 TB HC X
S-48

Cohen (1965) 1
NBS-31	 EI SI I X 1; X
5-49 I

Parmley (1966) I
NB S-32	

I^
TB SI X X X

I
McIntire (1948)
NBS-33 RV FMI X

i s-:5 I

I	 Dawson (1965)
NBS-34 PA IN X
S-52

i

{	 Getty (1966) i
INBS-35 TB SI X

S-53

Nast	 (1966)
NBS- 36 TB SI I X X
S-54

^^1SrL3^1966) TB CA X 
5-55 I

Ancier son 0965)j
`:B5-38	 AT SI X X X
S-90

r

0
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2.2.2	 Assessment Categories

.4;

After cataloging was accomplished, it became very useful to catalog and

abstract the technologies that were apparent from the search and synopses.

The result of this condensation is the Assessment Categories that follow.

The whole point was simply to make the study as useful as possible by

entering the system under a specific technique and summarizing that whole

sub-field.

The effect is to profive an index and abstract of the technological base deemed

pertinent and applicable to t:ie intent and scope of this program, in addition

to an index and ab: tract of the literature itself.

It was decided to summarize the field according to thirteen pigeonholes.

Each became, in effect, a small handbook on that particular. technology. The

thirteen sub-field chosen were:

t	 `'

1. Cork Insulation

2. Honeycomb External Insulation

3. Foam

4. Continuous Wrapped Multiple Reflective Shield

D.	 Multiple Reflective Layer External insulation

6.	 Multiple Reflective Layers on a Purged Fiberglass

Substrate

12
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7.

8.

9.

1 0.

11.

12.

6

Cryopumped Multiple Polyurethane Foam Spaced

Reflective Shields in a Shingle Configuration

Purged :Multiple Reflective Shields in a Shingle

Configuration

Purged Multiple Reflective Shields in Shingle Configuration

Mounted on a Purbed Fiberglass Substrate

Purged External Reflective Layer Insulation in Panels with

Special High Flow Spacers

Internally Mounted Polyurethane Foam Insulation (for a

baseline)

Helium Purged Micro-Quartz High Temperature Cryogenic

Insulation

13.	 Sizroud Mounted Insulation

Each of these thirteen small handbooks would have ''chapter. headings'' such

as the following:

i

1. Dens ity

2. Effective thermal conductivity

3. Porosity

4. Absorptivity, including any sealing requirements

5. Radiant heat transfer properties

13
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	6.	 Environmental compatibility, including fluid compatibility

and susceptibility to ground-hold, boost, and spaceflight

environments.

	

?,	 Mechanical properties, including any support requirements

8. Useful life

9. Bonding methods, including any problems associated with

bonding

10. Forming methods, including any problems associated

with forming

	

1 1 .	 R eusability

12. Ground cold requirements

13. Approximate cost

14. Availability, e.g. major manufacturers

15. Notes: any other property or information considered

necessary and/or helpful in assessing possible uses of

an external insulation scheme

The result was a set of ''handbooks'' on thirteen different cryogenic external

insulations. Each ''handbook'' has the fifteen chapters described above.

The purpose was to assemble all of the information available in the Synopses

for the purposes of assessing the information, enabling pattern recognition,

and providing a systematic basis for choosing one scheme over another.

C
14
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3. 0	 INITIAL STUDY

Systematic, methodical decisions were made to determine which concepts

found in the Bibliography/Synopses/and Category Report were the most

promising and warranted further analytical study and development. Selection

criteria included, but were not limited to: best thermal characteristics,

applicability to intended use, maintainability, reliability, and others. The

field was narrowed to five (5) concepts for further analytical study during

the Interim Study portion of the program.

^. 1	 Objectives

The (,.)jective of the selection process was not only the selection of five

concepts, but a systematic, visible, and methodical means of evaluating

future concepts. Indeed, the introduction into this technological field of
i

a formal decision analysis scheme which is systematic, rational, and open

Ended is regarded as a major contribution of this study.

Therefore, this evaluation was not limited only to current concepts, but

may be applied to all future concepts as they appear. It is important to note that

the method described below was not only used by the present contractor to

narrow the field to five, but also may be used by NASA to evaluate future

concepts and thus determine those which merit further analytical study or

development.
15
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The reasons used for rating each concept are clearly displayed. The

reader who may disagree with the ranking can match his reasons against

those used.

The intent of this process is to provide a framework in which reasoned

argument can be used to quantitatively intercompare competitive external

insulation schemes. It is suggested that such a method also provides a

relatively time invariant means of evaluating new approaches, and can

have broader utility in other areas of technology where ever quantitative

intercomparison of differing technical systems is required.

3.2	 Approach

The approach is essentially that of Kepner and Tregoe as explained in

The Rational Manger.	 It is used for administrative purposes by approximately

150, 000 business managers, and has recently been applied successfully by

the principal authors to other technical problems. The essential scheme

is outlined below:

1.	 Select "alternatives. " These are essentially the various

inca:is of ach ieving the same end. In this case, they are the exterior

insulation schemes found in Phase I. (The synopses yield the "information"

described below. ) Alternatives will be listed as volume headings, left to

right, in a matrix, e.g.

"The Rational Manager", C. ri. Kepner and B. B. Tregoe, McGraw-Hill, 1965.
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2. Select "criteria. " These will be such judgement factors

as: best thermal characteristics, application, maintainability, reliability,

etc.

3. Rank "criteria" into two categories; "Musts" and "Wants. "

4. "Musts" are GO, NO-GO criteria. They are usually not

subject to wei_ohtin". Either an alternative passes, or it fails. This is the

first "sieve" of the decision process. If an alternative does pass, it may

then if required be weighted ir. the "Musts. " then these criteria may be

evaluated comparatively to determine the relative qualities of the "GO"

alternatives.

17
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5. "Wants" are hi ghly desirable characteristics. They are

the other criteria that are not crucial CO, NO-GO parameters. These are

now ranked among themselves on a scale of 14 to 1 according to their

relative importance. This ranking was done in cooperation with the

Technical Monitor.

6. "Musts" and "Wants'' nor form the horizontal rows in the

matrix

i 1 ^L

A l A 2 A 3 A 4
Wants

I	 Must	 1	 f GO GO NO-GO GO

Must 2 NO-GO GO GO GO
i

Must 3 GO GO GO GO

...4

Want 1
oH

info. o .^ info.

' W^ ant G info. 1 into.
4 v ;4_

etc. ^. O etc.
— (	 ^•^,

M
^

r-I

•^O II

• w°^

Total score = f	 xXX yyy
I

Prouuct of criteria weights and alternative "scores"

18
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7. Use the "Information" described in (1) above in the boxes
l

formed by Musts /Wants and Alternatives to decide G*o or No-Go. All No-

Go's are eliminated from further consideration, as these criteria (.Musts)

are not subject to "trimrzing" (by definition).

8. Now proceed to the "Wants. " Use only one "want" (i. e. ,

one row , ) at a time, and rate each "Alternative" with respect to the other

"alternatives" in the same row, using the same "information. " The score

of an alternative is the product of the "Alternatives Rank" and the "Want

Ranks.

For example, suppose the "Want Ranks" are

Want 1:	 10,

Want 2:	 8

Want	 7

The "Wants" in this case, might be:

Want 1:	 undiminished effectiveness during lifetime

Waiit 2:	 ease or on-site application

Want 3:	 'comparative cost

l\Tow suppose the respective alternatives are types of insulation

as:

Al: 	 (Superirsulation) -1

A2:	 S.I. - 2

A3 :	 Foam -1

A4:	 Foam -2

19



Rank these with respect to one another in a given row. For

example, with respect to "Wand, " the rankings rri-lit be:

Al:	 10

A2: 8

A3: 6

A4: 3

The score then is the product: (Want Ranlc) x (Alternative Rank), i. e.
E	

J

r-

U

--: A
1

w A
2

 ̂'x A	 -^ A
3	 4

Want l:	 10 x10= 100 x8 =80 x6 =60	 x3 =30.

Proceed as above through all the "Wants. 11 The total score of an

"Alternative" is the sum of all the sub-scores in its column.

These scores thus provide the ranking of one alternative against

another. The higher the score, the more desirable the alternative.	 Closely

scoring alternatives may be re-examined on an ad hoc basis.

This method provides a systcm.atic, visible, and methodical scheme

for comparing alternatives. Its merit: lies in plugging in the information in

the boxes for unbiased evaluation. Another merit is the systematic and visible

ranking. Finally, it is open-ended with .respect to both "Wants" and ''Alterna-

tives" as they occur in the future, and'thus it may be used indefinitely in the

future as new concepts and criteria appear after this study.

2J
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To provide a truly balanced choice, a second matrix of 'Adverse

Consequences" is usually added to the first. Here, the promising "Alterna-

tives" form the rows, and possible "Adverse Consequences" form the

columns. Typically, these are health of employees (exposure to dust),

patent royalties (unexpected costs), new facilities (unexpected costs),

additional training (unexpected costs), modification of existing facilities

(costs), etc.

Adverse Consequences are rated according to the product of their

probability of occurring and their seriousness if they do occur.

An absolute ccrtai.nty of an occurrence is given a probability of 10

(e.g. , the probability of .;ertain new facilities being required for a new

insulation system is a 9 cr a 10. ).

The seriousness of such a development might not be high (little

relative extra cost, S=3 or 4); or the seriousness might be high if it did

occur (health hazard, S=9 or 10).

The weight of the Adverse Consequence is then the product, P x S.

The total Adverse Consequence score for a given Alternative is then the sum of

its sub-scores. This total score (a negative, or adverse connotation) must

now be considered against the total positive score obtained in the Must/Want

matrix to reach a balanced decision.
4
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In the selection process used, a separate "Adverse Consequences"

matrix was not formulated. Instead, Adverse Consequences were considered,

and reduced the scores of the concepts in the original matrix. The reduction

reasons are clearly shown in the matrix, resulting in a simpler, more

efficient, and more easily comprehended system of rating. A separate Adverse

Consequences procedure would have yielded about twice . as many pages to be

intercompared, greatly impeding the interested reader. Nevertheless, the

complete process is described here should new criteria appear in the future

that would call for the complete formal process.

3.3	 Initial Study Results

Table I lists the concepts selected to provide the "musts" and "wants" of the

Kepner-Tregoe selection scheme. These categories were chosen in con-

junction with the technical monitor to display the important handling, perfor-

mance and reliability characteristics of the various insulation designs as

affected by the mission requirements.

The above criteria and their definitions were compared to each of the three

sets of mission requirements to define their relative importance. First the

"musts" were defined by determining those properties which are essential to

assuring the missions success, (i. e. "Susceptibility to ground-hold, boost

and space flight environment" is a "must" for all cases because the insulation

_j
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TABLE I

CONCEPT SELECTION CRITERIA
(''Musts and Wants'')

1. Thermal performance

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

3. Useful life

4. Required development

5. Weight

6. Reusability and refurbishment possibilities

7. Ground-hold requirements

8. Repeatability of installed insulation.

9. Reliability

© 10. Maintainability

11. Operability

12. Adaptability to mounting in a spacecraft

13. Lab vs. installed consistency

14. Cost
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will not perform its intended function and will cause a mission failure if

it is damaged after the countdown begins). Some insulations fail on a "must''

apriori while others pass but may be rated relative to each other, based on

the degree of confidence with which each passes.

After the "musts'' were selected the remainder of the criteria were inter-

compared among themselves in pairs to provide a relative importance
I

ranking. With t;.:' relative ranking completed, category weight factors were

assigned to reflect the importance of each item quantitatively. Each ''must''

rece:-.-Pd a weight of 15, the highest value azs?gned. The "wants'' were th,^-n
a

weighted from 10 downward to their compai • ative desirability as opposed to

k	 the mandatory nature of the "roust'.'.

External Insulations were categorized first according to type, e. g.

1. Superinsulation

2. Foams

3. Honeycomb

4. Fiberglass

5. Cork

6. High Temperature

E

24
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Each type was then subdivided where ever applicable according to (a)

material, (b) combination of materials, and (c) mounting method. Thus

one can generate all types of external insulations (quite a large number)

I y forming all possible rational combinations of a relatively small field of

materials and methods.

Some combinations are at once not acceptable, elg. foil no spacer;

The field can be further reduced at once as some materials are better suited

for only one kind of storage e.g. , useful only for long term, intermediate, or

short: term storage.

0
Therefore, the initial selection leaves these insulations and their field of

application to be subjected to the decision analysis.

Type/Material	 Long Term	 Intermediate	 Short Term

I. Superinsulation	 X	 X	 X

II. Foams
Polyurethane	 X

III. Honeycomb
Foam	 X
Evacuated	 X
Purged	 X
Evacuated/purged	 (X	 X)*

IV. Fiberglass	 X

V. Cork	 X
Or

Intermediate and short term storage can be considered together here
25
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A typical table and arguments follow to illustrate the method. It is for

"Superinsulation Long Term Storage, continuous wrap vs. blankets.

For the complete results, please see:

"EXTERNAL INSULATIONS 
It

Contract NAS9-10583

Initial Study Report
August 2, 1970"

This document can be obtained only by writing to:

Dr. John R. Wilson
Colspan Environmental Systems, Inc.
P. O. Box 3467
Boulder, Colorado 80303

Short term:

1. Coated reflective shingles on a substrate

2. Fiberglass

Intermediate:

1.	 Coated reflective shingles with embossed or tufted spacers

Long term: (Can be considered for intermediate)

1. Blankets of coated reflectors with net spacers

2. Continuous coated reflectors with net spacers

For a complete description and detailed arguments, please see the

"Initial Study Report" cited above.

•91
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7

8

8

9

6

Application: Long Terin. Storage
TABLE 11

Alternative: Foil
Continuous Wrap
Net Embossed
Scores reheated

from preceding table

15	 10	 8	 Uses seams compared to continuous wrap

15	 10	 9	 No difference

15	 3	 3	 Machine controlled, jigs possible

15	 6	 6	 Positive mount. Not all fails when some
degrades

10

9

8

8. Spacecraft	 7

9. Reliability	 6

10. Maintainability	 5

r it c r is

Musts

1. Thermal
Performance

2. L Ve

3. R epeatability

4. Environment

Wants

5. Ground Hold

6. Operability

7. Weight

Blankets /Panels
Net	 Embossed/Tufted

Thermal shorts
due to no spacer.

9	 7

10	 9

6
	

6

8
	

8

10 10 No appreciable difference.	 Much easier to 10
bum p than continuous wrap.

4 4 Configuration is easier to work with, fixalbe 7

8 9 Slightly heavier than continuous wrap due to 7
mounting considerations.

7 7 Can mount in place or as prefab mo:iules 8

9 9 Has been proven to work well once it has 9
been niounted properly.

2 2 Panels can be changed.	 Hard to interlock 7
Net gives strength.

27



TABLE II, ( Continued)

12.	 Reusability 3 5 5 Repairable, but still difficult to handle. 6 6

13.	 Lab/Relization 2 3 3 Predictable.	 Tests on one panel, a sub 5 5
unit, rahter than whole assembly.

14.	 Cost 1 2 1 Can be set up jigged, one error does 4 3
not ruin a whole assembly.

Weighted Score: Multiplying Rank by -- Aght and adding
as before.

811 757 925 868

W.
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4.0	 INTERIM STUDY

In that program phase, preliminary thermal analysis, support analysis,

produciUility, operability and other factors were considered for the five

systems. A shingle alone, shingle with substrate, fiberglass, blanket,

and continuously wrapped were the systems chosen for detailed analysis

in the final phase. Development work on mathematical models for that 	 -- —

analysis was nearly completed by the end of that phase, and is now complete.

Summaries of the mathematical models and programming are presented in

the Appendices of this report.

IBelow are basic, simplified descriptions of the five external insulation

systems selected for further evaluation and study. These are presented

for the convenience of the casual reader. For a detailed discussion of these

systems, one --nay turn immediately to Section 5. 0, FINAL STUDY. These

descriptions, reproduced from the Initial Study Report, provide the basic

framework or reference for analysis and evaluation.

4.1	 Short Term Insulations

The short term mission requires the usage of large quantities of cryogen

in six hours or less; therefore, from both time and surface to volume ratio

viewpoints, thermal performance requirements are necessary but low.

Since virtually all the insulations considered can achieve this performance

S
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a

at mocki rate weight per unit area, mounting, cnvironrne,atal capability,

reusability and weight become heavily weighted factors compared to

repeatabili-y and reliability. Super insulations in general were omitted

because of their extreme complexity and installation difficulties when

used on very large tankage.

4.1.1	 Coated Shingles on a Substrate

A substrate of about one inch of fiberglass matting, foam or cork is

applied directly to the tank wall. A purge bag surrounds the substrate

and metal coated plastic film shingles are applied by taping or bending

the ''tipper'' end to the purge bag. Nylon net or cord, or a second purge

bag encloses the outer ends of the shingles.

The substrate provides adequate ground hold thermal performance at a

minimum weight because tine shingles limit radiative and convective heat

inputs. The sublayer also eliminates potentially hazardous cryopumping

and fractionation of air in the insulation. The shingled superinsulation`

permits very rapid gas expulsion rates which enhances the launch environmental

capability of gas filled superinsulation. The shingles are mounted in the

vertical plane to provide maximum support in the direction of maximum "g"

and other launcl: loads. Rapid pump out rates due to direct gas flow passages

from the tank to its external surface insure good thermal performance when

the space environment is reached.

30
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I The substrate must: be purled but its required volume is reduced greatly

by the presence of the shingles. The purge bag is protected from mechanical

damage by the easily replaceable shingles. Locally damaged areas are

easily accessible and local thermal performance degradation does not

propagate throughout the whole system.

Shingles may be prefabricated and stored, shipped and mounted in multilayer

subassemblies. Special shapes and cut outs may be precut and fitted to the

tankage by adjusting their mounting location at installation time. They

rCquire  a minimum of skill and precision for installation or reinstallation.

They may be shop or launch pad mounted.

4.1.2	 Fiberglass

Fiberglass may be bonded directly to the tankage in the matting form or

spiral wrapped in the fibrous form. The matted type requires a glass cloth

external layer to proviele mechanical strength. Generally, purging is required

to eliminate air and water vapor absorption.

The material is applied in a great enough thickness to insure adequate ground

hold performance. This material is relativel;r impermeable to gases so its

perormance is not degraded as greatly as most insulations, when purging is

used. Varying amounts of epoxy filler' may be added at the outer surface to
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tailor the toughness anti mechanical strength for resisting damage and flight

environments. This material is c-,pable of withstanding relatively high

temperatures so it will require less protection for launch and reentry

heating; than any of the other alternatives considered. in space, its thermal

performance is not as great as the radiation shield type insulations, but is

adequate for short missions. This material is quite resistant to damage

due to its toughness 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.

4.2	 Intermediate Term Insulations

This mission requires a 6 hour to 20 day operating cycle and a high probability

of being reused for several missions. These requirements represent a

combination of the short arid long term insulation characteristics. In

particular, the insulation must survive launch while providing adequate thermal

protection, it must achieve its ultimate space performance rapidly, and it

must be designed for ease in maintenance 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

should be noted that the shingles described for short term storage are equally

useful when used without the substrate. Because that system was selected

earlier, it will not be selected a'a an intermediate term insulation.

t
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4.2. 1	 Coated Reflective Shingles with Embossed or Tufted Spacers

This insulation is made up of multiple reflective layers of shingles with

special spacers to minimize gas trapping. The spacers may be an erc,bossed

(bumpy) reflector (Dimplar), embossed fiberglass (MLarshielc:), or tufts of

Dacron thread bonded to the reflector (Superflock). It is enclosed in a

purge bag.

This insulation shares the advantages of the shingled insulation discussed

under short term missions. Differences between these insulations include

an stremely rapid pump dD,,vn to minimize launch damage due to depressuriza-

tior, and to achieve maximum performance in space in a minimum time. Its

space performance for a given weight is not degraded by the low performance

sublayer but its around performance is descreased by the presence of purge

g<<s in the open space between shields. Also, the purge bag must be mounted

on an external surface, where it is susceptible to handling damage. Shingle

mounting and minimization of spacer material makes it very easy to maintain

and refurbish. The materials involved are tough and not easily damaged,

so good useful life can be achieved without excessive precautions.

4.3	 Long Term Storage

This mission requires maximum thermal performance in space while ground
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hold and launch performance become relatively insignificant. Since

;)erformance is to be maximized, the repeatability in achieving a known

performance is very important to the success of a given mission. Large

variations in performance from one tank to the next would not be tolerable.

Also, the system must withstand the environment with no or at leas:

predictable degradation to assure the desired mission lifetime.

4.3.1	 Blankets of Coated Reflectors with Net Spacers

his 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 quilted configuration. Edges of a given blanket are inter-

leaved with adjoining ones when the system is installed. Various mechanical

fasteners, such as buttons or clips, are used to support the system. A

vacuum or purge bag encloses the system.

The space environment performance of this insulation is very high when it

is evacuated internally. Its weight is very low. System pump-down time is

not as short as for shingled insulation due to the tortuous gas flow paths but

it does not suffer from lateral conductive heat leak directly to the tank. The

seams between bla:-ikets permit much easier pump-down than a continuous wra-pping

of insulation. Nylon net is not only a very rugged and flexible spacer, but it

,:oes not outgas significantly and is quite permeable to gas flow.

0
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i
Ground hold performance and maintainability are limited by the requirement	

i

of pur g ing or evacuation to limit air cryopumping and its attendant thermal

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, penetrations can be predesigned and fitted as required in the

mounting operation. Fir,i ly, this configuration is ideal for performing

meaningful laboratory tests which closely represent the mounted insulation.

Metallic foils are extremely susceptabie to mechanical damage when used in

this system. Their increased lateral conductivity results in much poorer

repeatability of joint and penetration designs.

4.3.2	 Continuous-Wrapped Coated Reflectors with Net Spacers

This system utilizes the same insulating materials as the previously d€:scribed

system, except in seamless form. This requires a vacuum bag.

By eliminating the seams, the thermal performance is ;,heoretically higher

and the minimization of mounting fixtures reduces its weicy ht. This scheme

is difficult to fabricate compared to blankets because of the continuous

f

...
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wrapping required. Pump down is greatly inhibited by the lack of gas flow

paths from inner layers to the surface. This means that a flexible outer

vacuum bag is required so th^.t the insulation can be pumped mechanically on

the grounc. Vacuum shrouds are extremely susceptable to damage and

difficult to repair. In addition, any damaged insulating material is diffcuit

to replace.

Performance repeata.3ility is hard to achieve with tizis insulation because each

penetration must be accommodated individually during installation and the

system usually cannot be prefabricated by shop procedures. Continuously

wrapped insulations are difficult to support as firmly as blankets and thus mr.y

0 shift and/or be damaged during ground hold and boost.

The primary reason for including this insulation scheme is to accommodate

small (<5 ft 3 ) tankage which must be included in the long term storage

--ategory. This form of insulation is necessary, since small curvature radii

are nct easily covered with blanket systems. Second, small tanks require a

r.ighly efficient protection system due to their large surface to volume ratio.

Third, careful hand installation becomes feasible for these smaller tanks,

and vacuum bags for these volumes are not difficult to maintain. Generally

one seam is permitted at the equator of the small tank under this "continuous

alternative. "

I
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4.4	 Summary of Interim Study Report

4.4.1	 Tankage

Five tank sizes (32, 000, 12, 000, 2, 000, 100, and 5 ft 3 ) have been selected

from those listed in the work statement for preliminary insulation evaluation

and analysis. The sizes were selected to be representative of the range and

extremes of the desired r-nission requirements,

A summary of the tank design appears in the following table (Table III).

4. 4. 2	 Comparison of the Materials /Concepts

The purpose of the Interim Study was to begin to 6evelop analytical techniques

acid to verify them. Such interim results appear in the following tables

(Table IV, Table VII).

For the complete description of the development of the analytical tools, please

^l

see:

EXTERNAL, INSULATIONS
Contract NAS9-10583

Interim Study Report
November, 2, 1970
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32, 000 ft 	 12, 000 ft 
20 ft cyl 33 ft cyl Spherical 10 ft cyl 20 ft cyl
0.0495 0. 0817 0. 073 0. 0248 0.0495
0. 105 0. 173 0. 0526 0. 105
11090/16650 16280/24500 9800/14700 7585/11350 5470/8200
7407 5440 2700 5844 3092

14.7
98 19.9 1.76 29
152, 590 . 157,780 62,800 60, 585 58,470
2 0 276,650 2, 284, 500 864,700 861,350 858,200
3.81/7.5 3. 75/7.5 3.3/7 4. 1 /6. 5 4. 1 /6. 5
3.5/5 3/5 3/5 4.0/5.5 4.0/5.5
36/36 36/36 36/36 36/36 36/36
12 12 6 12 12
4p/6p 4p/6p 3p/4p 3p/4p 3p/4p
5p/8p 5p//8p 4p/5p 4p/5p -1p/5p
7 ps 7 ps 4ps, 2pm 4ps, 2pm 4ps, 2pm

i

TABLE III

TANK DESIGN SUMMARY

Nominal '%rolunie
Configuration
Head Thickmess, in
Cylinder Thickness, In
Structural Weight, 112/02(lbs)
Surface Area, ft2
Spherical Radius, £t
Cylinder Length, ft
Loaded Wt 112 , lbs.
Loaded Wt 0 20 lbs.
Support OD, in, I-12 /02
Support ID, in, H2/02
Support Length, in, H2/02
Number of Supports
1	 Fill Pipe, in, H2/02
1	 Vent Pipe, in, I12 /02
1 , 2 Use line, in

1.
2.

p = pipe size,
s = short term,

T - tube size
"A Mid-term, L = long term
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100 ft 3	5 ft 
5 ft cyl
0.0124
0.0263
2358/3540

1858

113

11, 178
145, 050
2. 04/5.2
2.00/5.0
18/36
12

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

10 ft cyl
0, 02-18
0.0526
1268/1900

994

21. 5
10,088
143, 500
1.6/4.5
1.5/4. 0
18/36
12,
2T /3P
2P/4P
1 TM, 1 /4TL

Spherical 5 ft cyl Spherical
0.0148 0.0124

0.0263
81/122 98/148 4. 1/6.2
110.2 117.3 15.2
Z. 98 1.	 1

2.47
522 539 26
7202 7228 360
2.01/2.05 2.01/2.05 0.76/1.26
2.00/2.00 2.00/2.00 0.75/1.25
36/18 36/18 36/36

6 6 6
1T/l. 5T 1T/1. 5T 1 /4T/1 /2T
1.25T/2T 1.25T/2T 3/8T/5/8T
1 /4TL 1. 417L 1 /4TL

i

TABLE III, (Cont'd)

TANK DESIGNT SUMMARY

Nonni-nal VolulnC

Configuration
Head Thicluies s, in
Cyli;-,der Thickness, in
Structural Wt, H /0 (lbs)2
Surface Area, ft^
Spherical Radius, ft
Cylinder Length, ft
Loaded Wt H21 .bs.
goaded Wt 0 2 , lbs.
Support OD, in, H2 /02
Support ID, i-n, li2 /02
Support Length, in, 112/02
Nuinber of Supports
1	 Fill p ipe, in, 112 ; 0-
1	 Vent Pipe, :n, 13 2 ; 02
1,2 Use line, in

2, 000 ft3
Spherical

0. 0403

1640/2450
825
8. 1 1

-109460
143,950
2. 6/4.5
2.6/4.0
36/36

6
2'1'/3P
2P/410
1TM, 1 /4TL

1.

2.

p = pipe size,	 T = tube size
s = short term, M = Mid-term, L = long term

39



•

Which is available frorn:

National Technical Information Service
Springfield, Virginia 22151 as

Report N72-16600
for $3. 00/copy or $0.90/microfiche

Table IV gives the approximate insulation weight of the five tanks.

The thermal performance of each of the five insula-1-ions mounted on each of

the eleven tacks containing alternatively, hydrogen or oxygen are presented in

Tables V and VI. Table V pertains to the ground hold condition and Table VI

presents the estimates of performance while evacuated in space.	 During

launch and the early portions of space flight, the	 insulation is subject to low

external pressure which eventually evacuates the material. Since gaseous

conduction results in very high heat fluxes compared to the evacuated condition,

this purnp-out is critical for adequate thermal performance in the short

missions. Table VII presents estimates of this pump-out time for the various

insulations. The numbers presented there are probably optimistic since a

detailed out-gassing and diffusion analysis has not been performed.

The pump-out estimates confirm the idea that blanket and continuous type

insulations will not achle,.,^; tneir inherent high performance in short(one day)

or intermediate missions (two week) as ,quickly as the shingles. On the other

hand, these pump-out times are essentially insignificant in six month missions.
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TABLE IV

APPROXIMATE INSULATION WEIGHT

Tanks /Insulation Weight
lbs.

32 P 000 ft3

33 ft.	 cyl. 4080
20 ft.	 cyl. 5660

12, 000 ft3

20 ft.	 cyl 2360
10 ft.	 cyl. 4 x80
spherical 2060

2, 000 ft3

10 ft.	 cyl. ?60
5 ft.	 cy1. 1420

spherical 630

100 ft3

5 ft.	 cyl. 89.4
spherical 84.0

5 ft^

spherical 11.6

i	 i

P

0

I
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TABLE V

GROUND-PURGED THERWiL PERFORMANCE, BTU/hour

Fiberglz ss Fiberglass- Dimplar Net Spaced Continuous
Shingles Blankets

H 2 02 H2 02 H2 02 H2 02 I12 02

162 0 000 121,000 92 0 2001 68,800 180, 000 147,500 359, 000 295,000 359, 000 295, 000
220,000 164, 000 125, 500 93 # 500 244, 010 200,000 488, 000 400, 000 488,000 400,000

91,000 68,500 52, 200 38, 900 101,500 83,500 204, 000 167, 000 20 .1, 000 167, 000
173 1 000 129, 500 09,000 73,700 192, 500 158,000 385,000 317, 000 385, 000 317, 000
80,000 60, 000 45,800 340000 89, 000 731000 178,000 146, 000 178,000 146, 000

29,500 22, 000 16,850 12, 500 32,800 26,900 650 500 54, 000 65,500 54, 000
54,900 41, 100 31,400 231400 61,200 50, 000 122, 000 1 00, 500 122, 000 100, 500
24 0 400 181300 141000 10,400 27, 200 221300 549200 44,700 54, 200 44, 700

3,460 1, 640 1,980 1,470 3, 870 3, 170 7, 700 6, 320 7,700 6,320
3, 250 ^, 440 1, 860 11390 3, 640 2,980 7, 250 5, 980 7, 250 5,980

449 337 257 192 500 511 110 000 823 1,000 823

ranks/

Insulations

32, 000 ft3
33 £t cyl
20 ft. cyl

12, 000 it
20 ft cyl
10 ft cyl
spherical

2000 ft3
10 ft cyl
5 ft cyl

s pherical
100 ft3

5 ft cyl
spherical

5 ft3

spherical
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TABLE VI

GROUi1D-PURGED THERMAL PERFORMANCE, BTU/Hour

Fiberglass Fiberglass- Dimplar Net Spaced Continuous
Shingles Shingles Blankets

162,000 121,000 92 P 200 681 800 180, 000 147, 500 359, 000 295, 000 359, 000 295, 000
22C, 000 164, 000 125, 500 93,500 244, 000 200, 000 488, 000 400, 000 488,000 -100, 000

91,000 680500 52,200 38, 900 101, 500 83,500 204, 000 167, 000 204, 000 167, 000
173 0 000 129, 500 99,000 73, '700 192, 500 158, 000 385, 000 317, 000 385, 000 317, 000
80,000 60,000 45P800 34,000 89, 000 73, 000 178, 000 146,000 178, 000 146,000

29,500 22, 000 16,850 12, 500 32, 800 26,900 65, 500 54, 000 65, 500 54,000
54,900 41, 100 31, 400 23,400 61, 200 50, 000 122 0 000 100, 500 122, 000 '_ 00, 500
Z4 9 400 18,300 14, 000 101400 27,200 22,300 54, 200 44,700 54, 200 44, 700

3 9 460 2,640 1,980 11470 3, 870 3, 170 7,700 6, 320 7, 700 6, 320
3,250 22440 1,86o 1,390 3, 640 2, 980 7,250 5,980 7, 250 5, 980

449 337 257 192 500 411 1, 000 823 1, 000 823

Tanks /
Insulations

32,000 ft 
33 ft cyl
20 ft cyl

12,000 ft3
20 ft cyl
10 ft cyl
spherical

2000 ft3
10 ft cyl
5 ft cyl

s pherical
100 ft 

5 ft cyl
spherical

5 ft
spherical
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TABLE VII

APPROXIMATE EVACUATION TIME

(100 second launch period)

I
	

(to 10" 3 mm Hg, to optimize performance)

Fiberglas s	 10 min

Fiberglass & Shingles	 20 min
z

Dimplar Shingles	 10 min

Net Blankets	 750 min

O
	 Continuous	 1120 min

44
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An examination of the ground hold estimates show that shingles on a
7

substrate provide the best performance in all cases. This is because the

hel.0-m purdc bas	 confized to a narrow region near the tank, in a semi-

permeable material. The purge gas contributes about 50'0 of the heat leak

in the fiberglass while it contributes about 90% to the multilayer heat

transfer. The shingles of this insulation are immersed in air, which does

not degrade the insulation performance as badly as helium.

The estimates of performance in space show the obvious advantages of

blankets and continuous wrapped systems. One caution must be given; that is,

the penetration and nonrepeatable installation factors become a large portion

of the heat leak in this insulation. In particular, the continuous wrapped

insulation has historically been extremely sensitive and unrepeatable with

respect to installation procedures. Secondly, the Dimplar shingle insulation

shows excessive heat leak due to lateral conduction in two layers of

aluminum per reflector. This material (as well as ''Superfloc'') should

probably be considered in a blanket design, where its lateral conductivity is

not so detrimental and its pump-put characteristics can be full exploited. A

third factor o: importance in evaluating the shingles (of either type) is the

potential performance increase achievable by interrupting the lateral

conduction path along the aluminum coating. This can be achieved by

incorporating very small spaces of nonalumi.nized material at discrete

intervals to break up the ''pure metal'' conduction path. Since lateral

conduction contributes about 80% of the heat flow in this insulation a consider-

able improvement may be made.
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Five Materials /Concepts were selected for further study in the final
3

phase of this program. Space does not permit a listing hereof the merits

Of the chosen systems, whicil are (1) Fiberglass (2) Shingles alone, (3)

Shingles on a purged substrate, (4) Blankets, and (5) Continuous wrap. The

reasons for these choices will be briefly summarized.

At first only three were selected, as required by the contract:

(1) Fiberglass is rugged and provides low cost reusable

thermal protection for short missions.

(2) Shingles on a purged substrate give excellent thermal0 
performance for short or intermediate term missions

and can easily be maintained.

(3) Blankets can give maintainable long term thermal

performance, with reasonable repeatability.

Shingle systems without substrate were at first eliminated because they

provide slightly poorer thermal performance. There are some missions

for which they are appropriate, however.

C
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(T-1,

C

Sirnilitrly continuous sy:^tcros were at first climinatcu primarily for lack

of penetration repeatability. They provide superior performance at

maxi-inum cost for some applications, and efforts to eliminate their

disadvantages should be made.

However, it became clear that the bulk of the development work would have

been for the evaluation of the three systems, but that it would be cost

effective to actually perform the complete analysis on all five systems.

.Accordingly, all five were carried into the fuial f,: cse, which follows

immediately.

5.0	 FINAL STUDY

5.1	 Detailed Description of Five Systems

5.1.1	 Fiberglass

The functional element of this system is a matted web of fibers of glass.

The fibers provide a long conductive path for heat flowing toward the tank,

but act only minimally to block rac.iative heat input. The variations of the

system arise front variations in the materials, methods of attachment to the

tankage, and manner of preventing gas (usually atmospheric) condensation in

the functional element.
S
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The composition and physical form of the material may be varied. The

fibers are usually manufactured of borosilicate glass by a highly developed,

efficient industrial process. For systems requiring performance at

temper;,tures typically encountered under harsh aerodynamic conditions,

borosilicate glass degr2des, but can be replaced by fibers of quartz. Some

physical forms are: fe'_', mats cut into rectangular pieces of relatively large

size and arbitrary thickness, and long fiber bundles. The high temperature 	 '

versions are often merely short chopped fiber.

Although tiZe felt mats could be restrained in place by an external barrier,

usual practice is to bond them directly to the tank wall with suitable adhesives.

Epoxies are widely used. When this approach is followed, attention must be

bg iven to joints between adjacent pieces of material. If the material is notJ 

lapped in some fashion at the joints, regions of direct radiative heat transfer

are left, and high boil-off penalties are sustained. Jointing techniques

include simple overlaps, beveled laps, or interlayered laps.

I'

	

	 With the functional element i. e. the felt mat attached to the tank, considera-

tion must be given to stopping gas condensation in the insulating material at

the cold tank wall. Condensation of gases causes high rate heat transfer to

the vessel. If oxygen is one of the gases condensed, a potentially hazardous

situation is created. In the case of a leaking hydrogen vessel, the hazard

is obvious. However, hydrocarbons in bonding agents, lubricants, etc.,
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ively on impact if sufficient oxygen is present. Thesecan oxidize explos 

problems make it desirable to exclude gas condensation altogether in the

thermal protection system. Many methods for accomplishing this have been

evolved. Most ernploy an air-excluding jacket to surround the insulation system.

Maximum insulation efficiency is attained if all gas is excluded from the

insulating element. The removal of gas from the material requires an external

barrier, surrounding the material, to prevent the entry of additional gas after

initial evacuation. Such a barrier can be rigid and metallic, or it can be

flexible such as a laminate of plastic films and metal foils. The systems

weight penalty is less if the latter is used, although the blessing is a mixed

Q	
one. A flexible evacuation jacket usually is supported only by the underlying

insulating material, i= order to gain a large weight saving over the metal

shroud system. As evacuation proceeds, two undesirable effects appear in

such a scheme. The insulation material compresses under the force of

atmospheric pressure on the jacket, and the jacket wrinkles as the enclosed

volume is reduced by compression. Insulation compression increases the

heat transfer rate to the tank. Wrinkles in the jacket have usually led to gas

leaks in the membrane, defeating the purpose of ^hc system. Some light-

weight vacuum jacket support systems have been proposed, and the

continuing development of better jacket materials makes these systems more

attractive for future applications.
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Because of these problems, it is often desirable to utilize an insulation

material purged with a noncondensible gas. The entry of atmospheric. gas

is then prevented in part by an external barrier in the form of a purge

jacket needed to control the effluent and in part by the purge effluent itself.

The only purging gas suitable for this purpose i:, helium, unfortunately.

Helium permits very rapid conductive heat transfer, but it will not condense

when used as a purge for hydrogen or oxygen storage systems, since its

liquefaction temperature is the lowest known.

The external purge barrier may be impermeable, and r-nay be made of

Nlylar, Aclar, or Tedlar, with several inlets anti vents of controlled geometry

d for the purge gas. As well, the jacket may be fabricated of impremeable

material with a controlled pattern of porosity produced by mechanical

puncture.A typical example is woven fiberglass cloth. The purge barrier

has some additional side benefits; it can provide additional mechanical

strength and durability ;;o the external surface of the insulatio-n. Typically,

the purge membrane is bonded to the outer surface of the fiberglass felt with

an adhesive. For the woven barriers, epoxies are preferred.

The introduction of the purge gas into the insulation medium and its proper

venting, are cornplex subjects. In general, the purge system s::ould be

tailored specifically to the application, and few general guidelines have been

established.

i
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I. ollowing is a discussion of fiberglass matting external insulation

systexns.

x.1.1.1	 Merits

Fiberglass has mar.- merits. 1^ is a li g htweight, low density, durable

material. Its desirable phy.,ical properties include its inorganic nature,

implying low outgassing except for the bo.Lid:. ng agents employed; and

nonflamnzability. It is environmentally stable, with low water absorptivity,

and has long life. It will withstand reentry with but limited protection. It

is inexpensive, easily fabricated, and can be refurbished satisfactorily. It

I S easier to mount to the tank than any other system (except foams). In

space ; rnicrorneteorite punctures present little hazard to the insulation

systern proper. Although tankage leaks degrade its thermal performance,

under the proper conditions it can cause ►:he leak to plug, However, foams

are superior in this regard. Thermally, fiberglass functions better on a

conductivity basis than foams, but worse than powder insulations. r iber-

glass is an iso-ropic insulating material, roncompacting in use, which

provides repeatable performance with : irnple penetration treatment. Purge

systems used during ground hold require relatively limited apparatus and

support services, and the purge jacket often is easily Ynaii:.tained.

•
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1.2	 Deficiencies

The deficiencies of fiber-lass insulating systems fail into three areas:

(1) The material has poor (limited) thermal performance

capability, compared to powders and superinsulations.

(2) It cannot be opacified in its present form, and becomes

increasingly transparent to radiation as the warm

bo-.indary temperature is raised. Its thermal performance

is subject to degradation from adhesive outgas s ing and

from purging. It is subject to atmospheric gas condensa-

tion within the insulation, and purging is necessary to

prevent this. Gas condensation increases boil off and

hazard.

(3) The material requires support for large inertial loads, and

although it is superior to laminar insulations in this

regard, it is inferior to foam. Good joints in the material

can be difficult to make, and the repair of the material can

be hampered severly if an outer bonded purge barrier is

used. T he mounting technique, while simpler than

powders or superinsulations, is inferior to foams.
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Purging systems can add a weight penalty to the system in the form of

piping manifolds for the intro(:uction of purge gas. Reliability problems can

be experienced with purge jackets (leaks) and the jacket must be vented

properly in space. The latter usually imposes further weight penalty.

5. 1. 1.3 Further Development Required

Further develo,=aent of fiberglass external insulation i.i fea.si'ule in Lwo

areas:

(1) The thermal performance of the material could be

enhanced significantly if ways were possible to opacity

it. There are several conceivable ways in which this

might be achieved. One way is to aluminize a portion

of the fibers upon manufacture, and then combine these with

normal material in such proportions as to avoid thermal
R

shorting. Another way is to add small quantities of metal

fibers or whiskers. Metal powders are not suited for this

pur pos e.

(2) Further work on purging systems with attempts to reduce

the piping weight and increase the reliability of purge
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jackets is required. However, the elimination of the

purging system with the introduction of a lightweight,

supported, and reliable vacuum jacket is more desirable.

5.1.1.4 Support Systems

Because of the isotropic nature of fiberglass material, support systems for

the fully insulated tank are not restricted. In general, penetration treatment

with fiber-lass is straightforward as long as careful attention is given to

material junctures. All of the common systems, employing struts, bands,

or other configurations may be used. Advantage is often taken of Support-

penetrations  for the introduction of purge gas. In this fashion, additional

0	 purge jacket penetrations are avoided.

5. 1 . 1. 5 Maintenance and Reliability

Most fiberglass maintenance problems fall into the area of repair and

refurbishment, while the reliability problems usually concern the purging

system. Repair of damaged portions of fiberglass is accomplished by cutting

away the damage and bonding additional material into the gap. Repair is

completed by patching the pur g e jacket. The concentration of adhesive in a

given region can produce a localized highly conductive area if caution is not

observed. Small leaks in the purge jacket are not generally of serious

c^
	

consequence, unless located in a position to deprive the remainder of the
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system of bas flow. The maintenance of complicated penetration geometries

in leak free cond*,tion can be difficult, and repairs W such regions are often

unreliable. Unfortunately, these problems must be met in each system as

they occur.

5.1.1.6 .Limitations /Compromises

The basic limitation of fiberglass is thermal performance. The only avenue

of imnrovernent here seems to be opacificatio:;. The basic compromise of the

materials properties occurs through the use of helium purging systems. The

indicated improvement is the substitution of a reliable evacuation jacket

system.

5. 1. 2	 Coated Reflective Shingles on a. Subs'-rate

This system has two functional elements; one, a purged sublayer Bring next

to the tank, and two, a series of radiation shields in shingle configuration

attached to the outer surfz.ce of the sublayer. The discussion of the fiberglass

system applies directly to the sublayer of this system, and the merits and

deficiencies transfer directly.	 The new element, which must be

considered in detail, is the external shingle layer.

i
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Although foils may be employed for the shingles, metallized plastic films

have many more attractive properties. The use of foils leads to additional

weight and to more and difficult attachment problems including the support of

the nonintebral spacer, and to insulation failure at high acoustic loading

levels. Metal coated plastic shingles, on the other hard have none of these

disadvantages. The shingles, attached to the jublayer purge jacket, effectively

opacify the sublayer, thus preventing radiative heating of the cryogen vessel.

The sublayer, which acts as the shingles support eliminates the requirement

for low tem perature shingle attachment and provides a ?o :ger path for h--a4-

reaching the tank by conduction.

The shingle mat is typically Mylar, the trade .name for the du Pont polyester,
C

polyethylene terepthalate, which is aluminized ay vacuum evaporation on one

side. Mylar is light and has high tensile strength. It has low tear resistance

and is subject to tear propagation. Aluminum deposited by "evaporation adheres

fairly well to Mylar in the absence of water vapor or liquid, or sterilizing agents

such as ethylene oxide. The presence of these substances in any appreciable

quantity causes the immediate removal of the metal coating. To insure

against this, aluminized Mylar should not be exposed to atmospheres of

greater than b0 per ce:it relative humidity. If this goal cannot be met, it is

mandatory that a dry gas shingle purge be used to prevent catastroprLic

insulation failure. Some other metallic coatings are not subject to this

problem in such a severe form. Gold is an example. However,it is difficult

ood mechanical adhesion for old films thermally deposited or.to obtain cd	 g	 y	 p
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t	 Mylar. Silver, another commonly used metal, tarnishes unless treated

carefully. Attempts to overcoat metallic films to provide protection from

these problems have so far been unsuccessful. For these reasons, and for

reasons of expense, aluminum is typically the choice of the reflecting element.

There are other problems with aluminized Mylar. Handling the material

with unprotected hands degrades its emissivity more than is generally

recognized. Space workers ought to 1 ,z-now better, but the literature is

nonetheless full of pictures of bare hands on aluminized mylar. Silver films

are degraded by sulphur bearing rubber gloves.

Manufacturers of metallized coatings do not always meet the user's require-

ments. On custom orders, one often finds unusable portions of the material

throughout the roll as supplied. The problems one car, expect range from

thin coating, to coating spalling, to holes in the substrate material.

One of the greatest technological problems with aluminum thermal

deposition processes is an inability to deposit metal of the re q uired thickness.

To provide correct theoretical opacity to incident radiation, the metal film

should be at least 570 Angstroms in thickness. To the fabricator, this

amounts to 0.5 ohms/s q uare, according to the commonly used resistance

n.-ionitoring technique. The emittance of such a film should typically

approach 0. 02. instead, the coatings which can be produced have usually

a minimum resistance of 1 ohm/square, and an emittance of 0. 03, 50%

higher than the optimized value.
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In spite of this, aluminized Mylar is widely used. It can be used to

temperatures as high as 325 0F, but degrades rapidly above that point.

Mylar is quite flammable and burns freely in air. The polyimic:e, Kapton,

while heavier than an equivalent thickness of Mylar, has a useful service

J emperature approachin g 825 oF. It is often used as a single layer external

protective film for a Mylar systern_

The fabrication of shingles is normally accomplished 'by cutting the material

around a thin metal template with the proper dimension. Shingle dimensions

are chosen from the tank geometry in each case, and have relatively low

mechanical tolerance. Frequently one pattern can be used for the bulk of the

material required, leading to fabrication cost savings. Typical shingle lengths

are 28 to 36 inches. The shingle pieces usually have better support against

inertial loading than other systems such as blankets o^: continuous wrap

systems, which of necessity use larger sized Mylar components.

Once fabricated, shingles are bonded directly by one of several techniques

to the sublayer purge jacket. These include adhesive bonding, or taping of

each individual shingle, or preassern.bly of layers of shingles in a pad,

which is then bonded to the jacket. The shingle pad is typically fastened

together at one end, much as a pad of paper. The pad can be formed

using adhesive, or ultrasonic fusion of the shingle Ends. The latter is
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.prcierred, for the prevention of outgassing. Since the bond line at the

pure jacket is not subject to the extreme colt: of the tank, many low

vapor pressure adhesives are suitable for shingle attachment.

The treatment of penetrations in shingle systems is greatly simplified,

as the shingles can be cut to o ,,rerlap and can be fitted around the piping or

support. If desired, buffer material can be used, but the laterally

conductive paths from the penetration are interrupted 'ay the shingle

structure and with proper design, adequate penetration, performance is

easily attained., Zoints between shingles are also less critical than those

in other rr:ultilaycr systems, and only sufficient, nominal overlap (6 inches)

`	 is required to achieve full performance of the system. A carefully installed

shingle system exhibits a thermal performance which is degraded no more

than 50 per cent over a cornparable^ parallel layer multilayer system,due

primarily to lateral conductive heat leak.

As a result of the structure, shingles are easy to repair or refurbish, at

least to the subassembly level. Tankz % ge leaks can degrade the substrate

completely, 'out the shingles will still function and degrade only locally at

points of sublayer leakage. Any gas which might leak into the shin-les

vent: immediatcly to space, and normally the perforinanca of only a

sir. le shing-^-	 The same property, again a result of the structure,

allows the rapid evaci,.ation of tL,,e shingle layer once the vacuum of space is

6
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reached. To prevent undesirable decompression effects, a net or other

container encloses the shingle layer and controls the position of the loose

shingle ends.

Since atmospheric bas condensation in the shingle layer is not a problem,

the shing le le layer of a composite system is seldom pureed. If the last

ounce of performance must be wrung from the system, it can be purged with

hot dry nitrogen. This technique, while bearing a weight penalty, allows the

most rapid achievcmen t of ultimate thermal performance in space. Additional

discussion o. shingle purge systems may be found in the section dealing with

the shingle system alone.

5.1.2.1	 Merits

Coated shingles with a purged sublayer exhibit good th.erma7 performance

characteristics. The system is easily fabricated, has long life if properly

protected from. moisture and harsh reentry conditions, and is easily re-

furbished. The mounting of the system to the tank is relatively simple and

the insulation is well supported against launch stress. The shingles are not

affected by 'nigh acoustic fields if plastic film shingles are used. Tankage

leaks do not si gnificantly degrade the performance of the shingle layer. The

complete ther real protection system functions better (lower conductivity)

than foams, fiberglass, or powders, and has none of the handling drawbacks
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o' the latter. The material does not compact in either prelaunch or spac:.•

operation and provides very repeatable performance with simple penetration

treatment. Purge systems used for the sublayer during ground hold are

reliable and limited in size and complexity. 7he purge jacket is protected

by the shingle layer and is thus not sub; ect to damage.

5.1.2.2	 Deficiencies

Deficiencies in this system arise from the materials, the structure, and

the pursing system. The deficiencies of the sublayer have been outlined

earlier. The materials limitations inherent with plastic film components

L,	 are well known. Mylar burns freely and completely in air as already noted.

Moisture is readily absorbed by the film, and causes reflector failure and

extended evacuation time. Plastic materials and adhesives outgas, reducing

the achievable thermal performance. External protection and possibly

meteorite shielding are required if any harsh mechanical or thermal

environment will be encountered.

Structurally, shingle compression must be avoided to maintain optimum

thermal performance. The crevices of the shingles can store trapped

condensed moisture from the atmosphere, and althou g h the vent path is

direct, these crevices can be slow to empty even residual bas to t',-,e
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vacuum o; space. Although the shingles are easily repaired, c:amage

to the insulation sublayer requires complete removal of shingles and

substrate membrane in the damaged region before repair can be effected.

1

......------- f

The sublayer purge tubi::g manifold adds a weight penalty to the system.

The sublayer purge membrane integrity must be preserved through launch

and hence the tolerable jacket pressure differential is limited.

Further Development Required

0
Development appropriate to the improve.izent of the sublayer performance

was discussed earlier. The aspect of shingle technology requiring further

developnient is in the production of lower emissivity, more durable shingle

coatings.

5.1.2.4 Support Systems

in General, since tankage us nb this system will probably 'be large (propellant

storage) the most appropriate support systems will be struts of the type

described in Section 5.2.4 of this report or conventional cone (ring) mounting.

Neither system requires special treatment for use with this thermal protection

system.

n
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3. 1.2.5 Maiitenance and Reliability

Damage to this system is likely to occur as a result of handling, and the

shingles should bear the brunt of t::is. Replacement of shingles is straight-

forward. Repair of the sublayer recuires removal of a portion of the

shingles and the purge jacket. This is required in the case of tankage

leaks for example. Iff properly protected, this system is long lived, and

easily refurbished from mission to mission.

5. 1. 2. o Limitations/Compromises

The thermal performance of this scheme is limited, but significantly

better than fiberglass. It should compete favorably xvith powder systems.

Ground hold performance is of ecur se compromised by purging and by the

nonevacuation c.f the shingles.

5.1.3	 Coates: Reflectiv; Shingles with Embossed

or Tufted Spacers

The functional element of this system is a shingle layer attached to the

exterior of the tank wall by bonding or by pins.

C)
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Shingles mounted directly to the cryogen tank have properties sornewhat

different from the s1ainbles with substrate considered earlier.

The materials and fabrication of the shingle elements are similar to those

of the earlier system. The only exception, the spacer elements, are 	 4
incorporated into the shingle material by embossing with rollers or by

the use of flocking techniques with mechanical or electrical provision for

orientation of the flock fibers.
4

Because of -reliability problems with long, adhesive bonds which experience

thermal cycling from ambient to cryogenic temperatures, pins are the

preferred method of attaching shingles to the tank. In this method, studs

t	 are welded or bonded to the mater ial of the tank wall. In the case of metal,

vcidcd pins, a nylon shell is sometimes bonded over the pin. Since aluminized

Mylar can in no sense be considered ^ structural material, 'i`- is usual ' to

form the individual shingles into the stronger pad structure which is ultra-
s

sonically bo.zded at the attachment end. Holes are then punched to fit the

pins.

In order to avoid propagation of tears at the punched boundary, a heated

(10000 -) Loot is often used to cut the holes. At this temperature, the Myla:

^rxinks back from the tool as it parts, thickening slightly, and formi;lg

a tear resistant "grommet" around the hole. This technique, cons iderod
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superior by many, is not widely used and is even disparaged by some

fabricators. Tile shingle pads are mounted on the puts, and retained by

nylon clips. Each attachment is covered by the next pad installed. The

system is easily demounted and repaired.

A system using shingles only is subject to atmospheric gas c,yocondensation

at the cold tank surface and this represents the system's major engineer"-,,-,

complication. There are of course two methods to prevent this. Evacuation

of the shingle system on the ground is not an easy matter and has undersirable

consequences. A conventional unsu pported flexible vacuum jacket causes

Y	 drastic shingle compression and consequently large conduction heat leak

(typically double the nonevacuated rate) in the evacuated state. As well,

the recovery from compression after aoost can be unsatisfactory, although

for 1uftcd materials, this is not a major problem. For these reasons, a

helium shingle purge system is often utilized during the ground ::old phase.

While purged systems avoid the problems of evacuation jackets, they are

not without drawbacks. The purge tube manifolding adds both weight and a

conductive path through the insulation. The manifolding path is difficult to

optimize and large variations in ground hold performance can result from

similar purge routing. The integr ty of the purge jacket must be maintained

th roughout boost, until the tank is well above the atmosphere. Most jacket

materials will support only a low pressure differential and hence, require a

complex venting system to survive 'Launch.

^	 fi 7
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In orbit, although a properly vented shingle system evacuates rapidly, the

shingles exhibit some peculiarities in this regard. The shingle pad

structure will support long lived pressure gradients in the directions

vertical, horizontal and normal to the shingle layers. The source of these

gradients can be adhesive outgassing and trapped moisture or tankage leaks

venting through the purging manifold. (Leak venting internal to the tank

has not prevented this in some cases. ) Measurements have shown a pressure

differential of two orders of magnitude within the shingle pad rising from

the loose end to the attached end. Compared to the operating pressure in the

insulation interior, an order of magnitude pressure increase has been observed

at the surface of shingles in immediate proxiinity to the outer purge membrane.

High flow spacer shingle types perform better in this regard.

These pressure differentials degrade the insulation performance severely,

and should be considered carefully during the design phase.. There is an

overdrawn tendency to view shingles intuitively as a rapid, easy venting

system, but this is not necessarily so.

5. 1 . 3. 1 IM r it.;

The merits enumerated for the shingle/ substrate system carry over directly

to shingles discussed above. Shingles alone have slightly poorer ground

hold thermal performance than shingles/substrate but are superior to

blankets and continuous wrap systems in this respect. Embossed/tufted

r)
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shingles exhibit superior compression recovery properties (and hence

thermal performance) over the ordinary shingles, if evacuated and protected

from handling damage. This renders them slightly more attractive than

shingles/substrate from the point of ground hold operations. since the jacket is

accessible for maintenance. In addition, the space compression recovery

which is best for tufted shingles, allows a more rapid approach to the ultimate

system working pressure than that exhibited by conventional material shingles.

In systems purged prior to launch, lack of prelaunch shingle compression

reduces the evacuation time still further.

5.1.3.2
	

Deficiencies

The chief deficiency of shingle-only systems is that a direct lateral

conductive path to the cold tank wall is provided. This problem, in one

form or another is common to all multilayer thermal protection systems,

and snakes the proper insulation of penetration piping somewhat difficult. L`.

annular isotropic buffer insulation is not used around piping, it is difficult

to prevent the penetration from thermally snorting to the tank. Generally

speaking, materials deficiencies cited for the shingle/ substrate system

transfer directly to the shingle-only system.

The purge manifold adds a large weight penalty as well. The routing of the

purge piping is a matter of cut and try and it follows that the optimization of a
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shingle purging system is difficult. Finally, the pressure differential

which the purge jacket can support during ascent is limiter, and an explosive

decompression failure can occur. The thermal protection capacity of the

system is destroyed, sL--ice proper shingle orientation is lost under these

circumstances.

5. 1.3.3	 Further Development Required

The system performance could be improv.-d somewhat by the development

of a noncorrpressive ground hold evacuation system. High flow spacers have

proved to be a valuable development. The "Superfloc,"tufted variety appears

to have properties superior to Dimplar. As long as conductive metallic

shingle elements arc+ used,probabiy little else can be done to improve this

system.

5.1.3.1	 Supports

Because of the high lateral conductivity of this insulation system, tension

supports of poorly conducting material such as filament wound fiberglass

epoxy struts, or epoxy glass tension bands are the indicated ci-ioice.

1vIetallic mounts often result in unacceptable thermal performance.
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5. 1.3.5	 Maintainance and Reliability

Shingles are protected by the purge jacket and are easily repaired should

the necessity arise. Refurbishment is also minimal and would normally be

`	 required only in the event of moisture entry into the shingles, exposure to

excessive heat, and so forth. Shingle reliability is good.

5.1.3.6	 Limitations/Compromises

The thermal performance of this system is limited by lateral conductive

heat leak to the cryogen vessel. Performance is further comprornised by

purging during ground hold.

5. 1.4	 Blankets of Coated Reflectors With Net Spacers

The functional element of this external insulation system is a panel of

stacked layers of aluminized Mylar, all of the same shape, mounted next to

the outer tank wall on some support mechanism. The modular nature of the

panels, or blankets, makes possible a long term high thermal performance

system which can be removed for maintenance.
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The materials used for blanket systems :ter.: the same as those for super-

uisulation systems, namely; foils, coated plastic films, glass, webs, (i. C. ,

Doxiglass or Tissuglass) silk, nylon or dacron netting; and thin, rigid or

flexible polyurethane foams.

Blankets are made by cutting materials to size, and. forming on production

jibs of va. ious types. The jib can. be  an actual tank, or a fiberglass/epoxy

cast of a tank. Often, jigs are made of wood, or suitably sealed plaster.

For very large tanks, jigs are not requires'. The blankets are essentially

flat and can be laid on large tables. The method of assembly of the blanket

depends on the support mechanism. Several of the more common are

described below.

Supports may be classified into (one) those using a rope or line as the structural

element, and (two) those using tank bonded pins as the primary support.	 For

the rope support sy:3tems, the blankets are frequently quilted loosely with

dacron thread to prevent layer shifting during handling. In use, the blanket

is folded over the rope and clipped to it by a fastener. When pins are used for

blanket support, similar jig pins are used to align layers properly as the

blanket is fabricated. The blanket can be removed piecewise if stitched in

groups of layers, and each layer group can be secured to the tank pins with

a fastener which preserves the separation of the groups. Other techniques,

such as the ''button and string'' mount are merely variations of this basic

technique.
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Before fabrication,, careful thought must be given to blanket penetration

and seam design. Penetrations are typically insulated with patches of the

same material, which are terminated on the piping in a mariner which

preserves the temperature gradient through the blanket. Occasionally,

annular plugs of another material such as fiberglass or foam are used to

insulate the blanket from the penetration. This method offers greater

repeatability but somewhat lower thermal performance than the former.

Many methods for forming blanket seams have been developed aad some are

illustrated in Fig. 5.	 Variations of the interleave schemes offer best

performance. In the sawtooth scheme, a strip of Mylar, folded accordion 

C..
fashion, is stitched lightly to the blanket edge.	 Scalloped cuts are made in

the folds to permit blanket evacuation or purge.

Since the support of blankets against compression is firmer than that of

shingles, and because there are no lateral conductive paths direct to the

tank, blanket ground hold thermal performance is enhanced greatly by

evacuation. The obvious place to evacuate blankets is at the seams, which

is another reason for giving careful consideration to blanket seam geometry.

Blankets are evacuated by pumping out the system through a manifold laid

into ducts left at blanket seams. Open ducts are patched and sealed at

installation. Unpumped joints are merely spliced and sealed, as shown

earlier. Loose blanket edges are frequently held in place by tape or netting,

and the whole system is encased in a flexible jacket.
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For pursed operation, the same general procedure is used except that

purge gas is introduced into the piping manifold. The outer impermeable

jacket is frequently replaced by an open weave purging jacket. If the

blanket system is mounted on a sublayer insulation, hot purge gas (250 0 F)

is used to insure against moisture entry into the insulation. The exposure

of aluminized Mylar to heat invariably shrinks the material. Blankets which

shrink either overstress their mounting perforations and tear under load, or

suffer layer compression and consequent reduction in their thermal perfor-

mance. For exposure to 250 OF for prolonged time, a 5 per cent change in blanket

size has been observed.

	

5.1.4.1	 Merits

Blanket systems provide the closest approach to the thermal performance of

continuously wrapped systems, but without the near impossible maintenance

and repair problems associated with the latter. Additionally, blankets deliver

this performance repeatably (with consistent and reliable penetration treat-

ment).'. The design of the blanket allows some standardization in penetration

geometry and penetration insulation can be prefabricated using standard shop

practices.

	

5.1.4.2	 Deficiencies

The high lateral conductivity of blankets makes penetration and seam

treatment of great importance to system thermal performance. Because
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of the insulation mounting apparatus, the system has fairly high weight,

compared to continuous or shingle systems. The labor cost for the system

is high, but probably less than that of a continuous system. Blanket perfor-

mance is degraded by compression (and therefore vacuum jackets must be

carefully designed. ) If the blanket is purged, the decompression must be

closely controlled during launch to avoid catastrophic insulation disruption.

Blanket mounting studs open radiation windows to the tank and must be

optimized carefully for both number and location. Prelaunch evacuation is

slow due to tortuous bas flow paths. Attempts to reduce this time by adding

blanket perforations help, but system performance degrades quickly if too

many perforations are used. Iii addition, perforations must be laboriously

placed by hand, again to avoid direct radiation windows. Micro meteorite

protection in space is desirable.

5. 1.4. 3	 Further Development Required

Means for the control of lateral conductivity in blanket systems should be

investigated thoroughly. Some patented methods for interrupting the conductive

medium have been described in the literature and further development along

this line is indicated. Better vacuum jacket suspension methods and blanket

suppor- mechanisms are also needed, to prevent the compression effects

mentioned earlier. Metal shrouds have been used for this purpose, but they

add a weight penalty.

6
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Support Systcros

0

The best sup port systems for use with blankets are again the low conductivity

tension members. The reader is referred to ''NASA 37'' of the Bibliography/

Synopsis/Category report of this contract for a description of these and

thermally decoupled support systems for orbital use.

	

5.1.4. 5	 Maintenance and Reliability

Blankets are easily maintained although system repair :rust be accomplished

on a modular basis. This leads to higher cost if module inventory must be

maintained. Generally, the system is reliable, with mounting failure probably

the most I 'rely failure mode. Accordingly, the simplest most rugged mounts

are desired. Rope suspension systems are usually more reliable than bonded

fasteners since the structural member can be anchored solidly.

	

5.1.4.6	 Limitations  /Compromise s

The chief thermal limitations of blanket systems arise from the many

penetrations and high lateral conductivity. Seams are necessary for

evacuation and can be closed satisfactorily. The system is compromised

chiefly by the many holes put through it.

Ali references are reported in the form used in the Bibliography/Synposes/
Categcry report.
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5.1.5	 Continuous Coated Reflectors with Net Spacers

The functional element of this system is a continuous wrapped segn.ent of

doubly aluminized Mylar, with nylon net spacer.

The net material is typically of monof ilament construction. The doubly

aluminized Mylar has been d,--.scribed previously.

This system is intended for small (e 5 ft 3 ) tankage and is applied to the

tank by hand wrapping. The first layer of net is anchored to tank fixtures

and the Mylar is secured to the net by hand stitching as the task proceeds.

The net is actually the structural element of the system. Adhesive tape

and extensive tucking are used to force the material to conform to the

tank shape. It is mandatory that noncontaminating gloves be worn by the

installers when handling these materials.

Penetrations are accommodated by cutting and patching the material

as they are encountered. It is obvious that a high caliber of workmanship

must be maintained throughout this operation. For this reason, continuously

wrapped tankage exhibits variable performance and generally poor repeatability.

The syste_ - must be evacuated during ground hold, if the cryogen is to be

preserved past launch. Since the layers trap gas very well, one seam is left
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to allow gas to vent to the evacuation ports. The seam must be well

patched and sealed before the vacuum jacket is installed. Vacuum jackets for

small tanks are relatively easy to maintain, so that the evacuation of this

system is generally accomplished quite reliably.

5.1.5. 1	 Merits

For small tankago, with unfavorable surface to volume ratio, continuous

reflector systems provide the best thermal performance attainable. Lack

of scan-is is in part responsible for this. The system is ver ;r lightweight

since little structural material is involved. The system is easily evacuated

and thus moves to the space environment with little or no loss of operating

capability.

5. 1. 5. 2	 Defic ienc ie s

It is difficult to find two identical continuous wrap systems which exhibit

the same performance. This is due in part to the treatment of insulation

penetrations, but apparently also to many unknown factors. Lack o-L-

structural elements make the material susceptible to damage during boost,

when seams and gaps may be opened through relative shifting of the insulation.

The installed system is also quite susceptible to handling damage on the

ground and must be protected since repair implies stripping the tank and

41
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beginning the installation again. In orbit, micro meteorite shielding should

be provided. The evacuation of the system during ground hold proceeds quite

slowly, due to the tortuous gas flow paths through the insulation material. Due

to the complicated installation, these are the most costly systems, on a

comparative basis. Penetration insulation in this system is not standardized

and depends critically on workmanship.

5.1.5.3	 Further Development Required

There appears to be little that can be done to improve this particular approach

to external insulation. Probably only improved materials can make the
i

largest contribution. The major system deficiency which appears prominently

in penetration performance, is lateral conductivity. Little can be done at

present to alleviate that problem, but it is the one which should be attacked

in order to improve all multilayer systems.

Some standardized approach to penetration treatment should be pursued to

isolate and identify the influence of insulation parameters not now under

control.

5.1.5.4	 Support Systems

Only low conductivity support members should be employed with this

system, with thermal decoupiing in orbit employed if indicated. Of these
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ayed in graphical and tabular form in this section:

6

systems, tension bands are probably the best supports at present, since

their path through the system can be made long and they have small area.

Strut type tank mountings, which penetrate the insulation material directly,

are to be avoided unless their cross section is very small.

5. 1.5. 5	 Maintenance and Reliability

Maintenance and repair of continuously wrapped systems is confined to the 	 1*

evacuation jacket. Fortunately, with careful handling, the system is

comparatively reliable.

5.1.5.6	 Limitations/Compromises

Although these systems exhibit excellent thermal performance, they are

expensive, difficult to install, and mechanically unsound. Their otherwise

excellent performance is comps omised mainly by penetrations and other

indeterminate factors.

5.2	 Parametric Study

5.2. 1	 How to Use the Parametric Curves

The following types of parametric results have been computed, and are

0
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Curves showing the temperature distribution and

heat leak (Q) for some selected cases of penetration piping.

.1. 2.	 Curves showing the heat leak which can be expected for

the five chosen external insulatio: system types:

G a.	 on the ground

r b,	 at the end of transition to evacuated (space)

performance

C.	 in space

d.	 for various tank volumes

C.	 for hydrogen or oxygen

f.	 for various insulation thicknesses

g .	 for various tankage L / D ratios

3.	 Given in tabular form are mechanical parameters such as:

a.	 tank type (sphere; cylinder, spherical heads)

b.	 tank weight

C.	 insulation system weight

d.	 support number and size 

e,	 pipe identification, number, and sizes

f.	 tank dimensions

g .	 tank area

The curves are oriented in sections by type of insulation system. 	 One

merely has to identify the type of system whose performance he desires to
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inspect. Upon turning to the section dealing with that system, he may locate

easily the curve or table dealing with the aspect of system performance he

desires. Values for the points plotted are shown in the tables. Other values

inay be read from the curves, or found by interpolation between curves.

An example will easily show how this process can be used:

The rate of heat transfer to a 4000 cubic foot fiberglass insulated oxygen

tank operating in. space is desired. Turning to page 84 one finds the proper

graph. The values from that graph show 1800 Btu/hr, 1300 Btu/hr, and 1050

Btu/hr for fiberglass thicknesses of 1, 2, and 3 inches respectively. On the

preceding page, one finds the heat leak while the tank sits waiting for launch:

4
9. 5 x 10 4 Btu/hr, 4.5 x 10 

4 
Btu/hr, and 3.3 x 10 Btu/hr, again for 1, 2,

and 3 inch insulation. The mechanical parameters of the tank are found on

page 107.

5.2.1.1	 Summary

The results presented in the next jection illustrate the performance

characteristics of the five systems when installed on tankage representative

of that in common use. The results are not exhaustive, as the scope of the

work was limited in time. From the results displayed, one can infer the

trend of most items of interest.
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The units of the tables, not repeated there for lack of space, are given

here and should be read thoroughly before examining the results.

Tank Type:	 1 indicates sphere

2 indicates cylindrical tank with hemispherical ends

i^

0

Tank Radius:	 dimension in feet

Cylinder Length:	 length of cylindrical portion of tank, in feet. Spheres

have zero cylinder length.

Tank Area:	 area in square feet

No. of Supports,	 number of supports is self explanatory; ID, OD in iuiches
I. D., O. D.

No. of Instrument	 self explanatory
Conduits:

Piping; Fill,	 schedule self explanatory, size is diameter in inches
Use, Vent:

Volume:	 .fluid volume in cubic feet

C-
	 Ullage:	 per cent of fluid volume:

81



Use Time:	 duration of use in hours
r

Insulation Thickness:	 thickness in inches

insulation Weight:	 total insulation weight in pounds

t
	 Loaded Weight:	 weight of tank and fluid less insulation, in pounds

Q Space:	 space heat transfer rate in Btu/hr..

Q Ground:	 prelaunch heat transfer rate in Btu/hr.

Pump Down Time:	 insulation evacuation time, hours..

Y

5.2.1.2	 Complete Results

n
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INSU1,A11O!, : FIBERGLASS L/D = 4	 Fluid Oxygen

Tani: Tank Cylinder Tank No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Type Ri!dius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

1 10.2 1298 6 ?..63 3.94 1 5 3 5 1/2 5 2
It 11

.41 to to of

2 5.7 45.9 2058 i2 2.95 3.71 1 5 3 1/2 5 2 1/2 5 2	 1/2
11 „ It if „ it It 11 „ „ „ it it 11

11 „ It it „ 11 11 „ „ it „ it 11 11

it 2324 12 2.86 3.78 2 5 3 1/2 5 2 1/2 5 2	 1/2
it Jt it it „ it it to r, it	 . if it

„ 11 It „ „ li 11 it „ it 11 it

" 6. 7 53. 6 2815 122. 68 3.91 5 4 5 3 5 3`
„ it „ it It „ if .1 If if 11 11

it „ It „ „ it it It of it it it it it

" 3267 12 2.48 4.03 it 5 5 5 3 5 3 
if if 11 „ „ „ „ it it to it

, it of „' 11 of „ „ „ „ it „

" 7.7 61.3 3689 12 2.27 4.16 5 3 1/2 5 3 5 2 1/2
11 it I1 „ if „ „ it „ „ „ „ it

to „ if if it 1t. It of „ it „ if if
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INSULATION: FIBERGLASS L/D = 4 Fluid Oxygen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

4000 1070 .5 1 121.2 310168 1794 9.75x104 19.2
11 229.4 1, 1313 4.87x104
If 337.6 It 1038 3.25x10 "

5000 it 1 192.1 364810 2844 1. 54x10 5

if 363.6 `' 2083 7.73x10	
;1

it '" 3 535.1 it 1646 5.15x104

6000 1 216.9 437771 3207 1.74x105
if ►► it 2 if
if ;, if 3 is

5
►►

8000 1 262.77 583695 3880 2.11x10

" 2 497.4 it 2839 1.06x105

" 3 732.0 it 2241 7.05x:04

10000 " 1 729618
, ► , ► ► , 2 It ' ►

if 3 it _
5

if

12000 " " 1 344.3 875541 5074 2.77xlO is
it 2 651. 8

', 3678 1.38x105 if

,< ► ^ 3 959 .7.
it 2927 9.23x104
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INSULATIOiv: FIBERGLASS	 L/D = 4 Fluid Hydrogen

No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Supports Inst.	 Cond. Sch. Sizc Sch. Size Sch. Size

6 3.27 3.42 1 5 2 5 1 1/4 5 1 1/2
it 11 it to it of it

if it it it if it it

12 3.32 3.38 1 5 2 5 11/4 5 2
it

if

12 3.31 3.'39 2 5 2 1/2 5 1 1/4 5 2
;. „ It 11 11 11 „ „ .11 11

it it it if it 11 of

12 3. 30 3.40 5 2 1/2 5 1 1/4 5 2 1/2

it If 11 If it if it it

12 3.29 3.41 " 5 3 5 1 1/2 5 2 1/Z
It

12 3.28 3.42 5 2 1/2 5 2 5 2
,1 „ 11

it' it

12 3.26 3.44 5 2 1/2 5 2 5 2 1/2
11 „ 11

is it it

12 3f, 22 3.47 5 3 5 2 1/2 5 2 1/2

•

i

Tank Tank	 Cylinder Tank
1 ypc Radius	 Length	 Area

1 10.2 1298

2 5.7 45.8 2058

" 2 324

" 6. 7 53. 6 2815

" 3267

" 7.7 61.3 3689
„ „ „ 11

" 4281
„
it

" 9.2 73.9 5357
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INSULATION: FIBERGLASS L/ /D = 4 Fluid Hydrogen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

4000 1070 .5 1 121.2 35651 2409 1.31x105 17'.3
2 229.4 1762 6.57x104
3 337.6 it 1391 4.38x10

5000 192.1 29296 3821 2.08x105 ±;
2 363.6 2795 1. 04x10

" 3 535.1 it 2206 6.94x104
6000 1 216.9 35155 4309 2.35x105

„ If if 3 „ if

8000
it

1 45874 "

11 it 2 497.4 " 3811 1.42x105
It is „ 3

10000 1 58597,

I1 " 3 849.4 it 3481 1. 10x10 5
12000 1 344.3 70310 6820 3.73x10

If 2
If

15000 If 1 87888
" " '' 2 756.3 " 5777 2.17x105
it It 11 3

21000 of It 1 500. 123042 9891 5.42x105
If to

" 2 946 .4 7223 2. 71x10 "
if 3 1393. " 5690 1.81:105

110
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INSULATION: FIBERGLASS L/-D = 4	 Fluid Hydrogen

Tank Tank Cylinder	 Tank No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length	 Area Supports inst.	 Cond. Sch. Size Sch. Size Sch. Size

2 6177 12 3.19 3.50 2 5	 3 5 3 5 3

10.6 85.	 7094 3.15 3.54 5	 3 5 3 5 3

1W
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INSULATION: FIBERGLASS L/D = 4 Fluid Hydrogen

Volume Ullage Use	 Insulation Insulation Loaded Q Space Q Ground Pump Down
Time	 Thickness Weight Weight Time

26000 1070 .5	 1 152336 17:3
'	 11 II 11	 2.11 11

it it	 3 1606. it 6558 2.08x105 it

32000 " to 662.1 187489 13090 7.18x10 of

11 1253.2 if 9533 3.59x105 if

" if 3 1844.4 to 7527 2. 39x105 if

•
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INSULATION: FIBERGLASS L/D = 2	 Fluid: Oxygen

Tank	 Tank	 Cylinder Tank No. of I. D. O.D. No. of Fill Pipe Use Pipe	 Vent Pipe
Type	 Radius	 Length Area Supports Inst.	 Cond. Sch. Size Sch. Size	 Sch. Size

Z	 6.9	 27.6 1793 12 2.94 3. 71 1 5	 3 1/2 5	 2 1/2	 5	 2 1/2
it

 9.95	 39.4 3730 1.88 4.34 2
 8.07	 32.3 2453

jw

i

1 13:
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INSULATION: FIBERC:LASS L/D = 2 Fluid: Oxygen

Volume Ullage Use Insulation Insulation Loaded Q Space Q Ground Pump Down
Time Thickness Weight Weight. Time

5000 10010 .5 1 167.4 367669 2478. 1.35x105- 19..7_
-" 2 316.8 " 1788. 6. 7 3x104
" " " 3 466.2 " 1434. 4. 49x104
15000 " " 12 648.9 1103004 3749. 1.4x105

9.21x1048000 2 431.4 2474:

1P

114

f^



INSULATION: FIBERGLASS L/D = 2	 Fluid: Hydrogen

Tank Tank Cylinder Tank No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports inst.	 Coed. Sch. Size Sch. Size Sch. Size

2 6.9 27.6 1793. 12 3.32 3.38 2 5 2 5 1 1/4 5 2
to ii s i i i i ii

11.5 44.5 4667 3.21 3.48 " 5 - 3 5 2 1/2 5 2 1/2
12.8 51.2 6181 3.14 1.55 5 3 1/2 5 3 5 3

L	 I

0
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• INSULATION; FIBERGLASS L/D = 2 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

5000 10010 .5 1 167.4 31203 3328. 1.82x105 17.3
it it 11 2 316.8 of 2435. 9. 07xlO4
it if " 3 466.2 if 1921. 6.05x104

21000 2 824.6 131047 6293. 2.36x105
32000 it 2 1092. 199688 8327. 3.13x105

•

i16
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INSULr''IT1OY:: FIBERGLASS L/D = 8	 Yluid: O:{ygen

Tzarik Tank Cylinder Tank No. of I. D. ^. D. No.	 of Fill Pipe Use Pipe Vent Pipe
1 ype R::dius ',ength Area Supports in-;t.	 Cond. Sch. Size Sch. Size Sch. Size

2 4.7 74.5 2452 12 2.95 3.71 1 5 3 1/2 5 2 5	 Z 1112
to of ►► It „ if „ I if it if „ „	 of

" 6.7 107.4 3730 12 1.91 4.33 2 5 4 5 3 1/2 5	 3
" 5.45 87.1 3354 12 2.68 3.90 2 5 4 5 2 1/2 5	 3

11^



INSULATION: FIBERGLASS L/D = 8 Fluid: Oxygen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

5000 10 0 .5 L 228.9 363050 3387 1. 84x10 5 19.2
to it 433.2 2480 9.2x104
of 3 637.6 1959 6. 14x10 5!'

15000 " " 2 901 1089147 5122 1.92x10 It

8000 " " 2 592.6 580879 3380 1.26x10 to

1
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INSULATION: FIBERGLASS L/D = 8	 Fluid: Hydrogen

Tank Tank Cylinder Tank No. of I. D. O.D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

2 4.66 74.5 2452 12 3.32 3.38 1 5 2 5 1 1/2 5 2

s
" 7.5 120 6382.6 3.22 3.47 2 5 3 5 2 1/2 5 2 1/2

8.6 138 8451

I
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INSULATION? : FIBERGLASS L/D = 8 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation Loaded Q Space Q Ground Pump Down
Time Thickness Weight Weight Time

5000 10010 .5 1 19.-Z
11 433 28123 3331 1.24x105 of

3 it

21000 " 2 1127.6 118115 8605 3.23x105
32000 " 2 1493 11380 4.27x105

•
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. INSULATION: SHINGLES /SUBSTRATE L/D = 4	 Fluid: Oxygen

Tank Tank Cylinder Tank No, of I. D. O. D.	 No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports Inst.	 Ccnd. Sch. Size Sch. Size Sch. Size

1298. - : 6 2.63 3.14	 ..:	 t 5 3 5 •2 .i/Z
'

5 2
^^ ^t	 _. _ -_.^	 rr	 : rr_ ,r _tt,.	 "•.	 ^tt ,r tt _tt tt-•:. q tr „

-_'	 ^^: d). -	 ,+	
.,

.5^1 -	 N }t t4'»`	 H" -,f- ,3 it It	 - „ jr.	 -	 _

2 5.7 45..9 2058 :_}2,^. 2.95 3.T1^.	 -'^^-" 5 3 j^ ` t r. 5 -2 1/2
if .11

it it. It of

•	 Vii.	 ' •	 ,	 - ,` "	 ' 'r 	 '	 _	 — _	 "	 - -	 ^^	 -`	 - _, _ .' ,

It 6.7' 5.3. 6 2815 2.68 3.91	 " 5 4, 5 3 _ 5 3
If

off

41 = a+ „

it 7, 7 61. 3 3689° -12 2.27 4.16 5 3 -1/2 5 - 3 5 2 112_
it It it

if „ +, it +, ,. „ tt
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INSULATION: SHI -wGLES/SUBSTRATE L/D = 4 Fluid: Oxygen

Volume Ullage 'Use In =ulai on Insulation Loaded Q Space Q Ground Pump Down
Time Thickaess Weight Weight Time

4000 10% .5 1 233.8 31068 387.3 7.06x103 27:5
2 454.7 241.7 3.53x103 ++

" 3 621.4 220.4 3.33x10 ++

5000 1 372. 36409 228.0 1.12x104 26.96
2 723.4 " 157.3 5.6x1933 it

" 3 989.1 " 152.3 5.28x10 ++

6000 1

+, ++ ++ 2
3

8000 1 507.6 533695 305.3 1.5x104 27.3
,+ ++ ++ 2 987. ^	 ^ 2 08.7 7. 66x10 3 it

3 1349. 201.2 7.22x10 ++

10000 1
+I 2

It 3 .

12000 " " 1 664. 875541 382. 2. x104 27.5
++ "	 - „ 2 1290. 255. 1x104 it

3 1764. 244. 9.46x103

122



INSULATION: SHINGLES/SUBSTRATE L/D = 4	 Fluid: Hydrogen

Tank Tank Cylinder Tank
Type Radius Length Area

1 10.2 1298.
1 „

2 5.7 45.8 2058
it 11

11

it 2324

„

" 6t7 53. 6 2815

" 7.2- 57.7 3267.
11 1, 11

" 7.7 61. 1 3689

" 4281

" 9.2 73.9 5357
11 11 „ 11

„ it „ 11

No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

6 3.27 3.42 1 5 2 5 l 1/4 5 1 1/2

12 3.32 3.37 5 2 5 1 1/4 5 2
„ it 1, „ it to „ if it 11

" 3.31 3.39 2 5 2 1/2 5 1 1/4 5 2
11 .0 of 11 of „ It it

„ 3.30 3.40 „ ,^ „ „ „ 2 1/2
„ it 11 „ 1, „ „ „ „ it

" 3.29 3.41 " 5 3 5 1 1/2 5 2 1/2 
If „ „ if 11 11

11 11 11 (^ 11 II 11• 11 „ „

3.28 3.42 5 2 1/2 5 2 5 2
II „ 11 tl „ to 11 11 11 11

11 11 it „ 11 It 11 .,, It of

" 3.26 3.44 " 5 2 1/2
11 11 It 11 11 11 it 11 11 11

,) „ 11 „ ,1 -1 11 11 11 11

" 3.22 3.47 5 3 5 2 1/2 5 2 1/2
11 11 11 „ 11 11 11 11 11 of

11 11 11 „ 11 11 11 11 11 it
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INSULATION: SHINGLES/SUBSTRATE L/D = 4	 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation Loaded	 Q Space	 Q Ground	 Pump Down
Time Thickness Weight Weight Time

4000 10% .5 1 485. 9.5x1033
11 2 288.9 4.75x10
it It 3 260.3 4.48x)03

5000 it " 1 259.8 1.51x104

" of 2 164.5 7. 5 3x10 3

" If 3 157.9 7.10x103
6000

it
" 1

^^ .2
3

8000 " 1

11 2

it 3

10000 1 588.3 406.9 2.39x144
to

" 2 1144. 255.5 1.19x10
it "- 3 1563. 243.1 1.13x10.4

12000 1
.

.	 It 2

to tl ii 3

15000 1
it 2
of 3

21000 1 961.7 676.9 3. 92x1 4
" 2 1869.8 418.8 1.96x10

3 254.7 396.8 1.85x104

IV
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INSULATION: SHINGLES/SUBSTRATE L/D = .I	 Fluid: Hydrogen

Tank Tank Cylinder	 Tank	 No. of	 I. D. O.D. No. of Fill Pipe Use Pipe Vent Pipe
Typc Radius Length	 Area	 Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

2 6177	 12	 3.19 3.50 2 5	 3 5 3 5 3
„ „	 „	 of It it „	 of it It if

" 10.6 85.2	 7094	 3.15 3.54

I^
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INSULATION: SHIraGLES/SUBSTRATE L/D = 4 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation Loaded Q Space Q Ground	 Pump Down
Time Thickness Weight Weight Time

26000 1070 .5 1
11 if 2

3

32000 1 1271. 864.8 5. 19x10 4'' " 2 2472. 533.2 2.60x10 
3 3377. 504.8 42.44x10

l

i

f:

•
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INSULATIONt SHINGLES/SUBSTRATE	 L/D = 2 Fluid Oxygen

Tank Tank Cylinder Tank No. of	 I. D. O.D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

2 6.9 27.6 1793 12	 2.94 3.71 1 5 3 1/2 5 .2 1/2 5 2 1/2
,r it it of It	 if „ „ „ „ „ it of

it of of if

if 9.95 39.4 3730 1. 8,2, 4.34 2 5 4 1/2 5 3 1/2 5 3
it 8.07 32.3 2453

1W
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INSULATION: SHINGLES/SUBSTRATE L/D = 2 Fluid Oxygen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

5000 1070 .5 1 323.5 3670"69 196.3 9.75x103 27.3
11 11 " 2 629.0 .11 4.88x103 "

+j
11 11 3 859.8 It 4. 6x103 to

15000 11 1 130i.7 1103004 261.1 1.01x104 27.5

8000 " " 2
.

858.4 178.2 6.67x10 3 27.55

IV
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INSULATION: SHINGLES/SUBSTRATE L:/D = 2	 Fluid Hydrogen

Tank Tatik Cylinder Tank No, of	 I. D. O. D.	 No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports inst.	 Cond. Sch. Size Sch. Size Sch. Size

2 6.9 27.6 1793 12

11.5 44.5 4667 3.21 3.48	 2 5 3 5 2 1/2 5 2 1/2
12.8 51.2 6181 3.14 3.55 5 3 1/2 5 3 5 3

1^9
! §s
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INSULATION. jHINGLES/SUBSTRATE L/D = 2 Fluid Hydrogen

Volume Ullage Use Insulation Insulation Loaded Q Space Q Ground Pump Do\vn
Time Thickness Weight Weight Time

5000 100/0 .5 1 323.5 31203 217.1 1.31x104 20.4
" 2 629. " 138.6 6.46x103

3 859.8 131.5 6.2xl03
21000 " " 2 1627 131047 383.0 1.71x104 -
32000 2 2151 199688 465. 2.26x104 -

IV
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INSULATION: SHINGLES/SUBSTRATE L/D = 8	 Fluid Oxygen

Tani- Tank Cylinder Tank No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
'1'yPc Padius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

2 4. 7 74. 5 2452 12 2.95 3.71 1 5 3 1/2 5 2 5 2 1/2
„ 2452 „ „ 1 „ „ „ ^^ „ „

„ „ „ „ 1 „ „ ^, „ if to

' 6.7 107.4 3730 1.91 4.33 2 5 4 5 3 1/2 5 3
5.45 87.1 3354 2.68 3.90 2 5 4 5 2 1 2 5 3
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INSULATION: SHINGLES/SUBSTRATE L/D = 8 Fluid Oxygen

Volurne Ullage	 Use Insulation Insulation Loaded Q Space Q Ground	 Pump Down
Time Thickness Weight Weight Time

5000 1010	 , 5 1 864.7 36305.0
2 _ 186 6.67x103

 ^ 3
4

15000 2 1786 1089147 367.8 1.38x103

8000 2 1179 580879 254 9.12x10
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INSULATION: SHINGLES/SUBSTRATE L/D = 8	 Fluid Hydrogen

Tank Tank Cylinder Tank No.	 of	 I, _... O. D. Nc).	 of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

2 4.66 74.5 2452 12	 3.32 3.38 1 5 2 5 1 1/2 5 2

7.5 120 6382.6 3.22 3.47 2 5 3 5 2 112 5 2 1/2

8.6 138 8451 "
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INSULATION: SHINGLES/SUBSTRATE L/D = 8 Fluid Hydrogen	 -

Volume Ullage	 Use Insulation Insulation Loaded Q Space	 Q Ground	 Pump Down
Time Thickness Weight Weight 'Time

5000 1010	 .5 1
it 2. 864.7 28123 211.6 8.97x103
of it 3

21000 2 .2232 118115 533.9 2.34x104
32000 to 2 2950 709 3.09x10

1
J
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INSULATION: SHINGLES
	

L/D = 4 Fluid: Oxygen

Tank Tank Cylinder Tank
Type Radius Length Area

1 10. 2 1298.

2 5.7 45.9 2058.
, „ it , ►

,

„

„

" 6.7 53.6 2815.

,
,
„

" 7.7 61.3 3689.

No. of I. D. O. D. No. of Fill Pipe Use Pipe 'Vent Pipe
Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

6 2.63 3.94 1 5 3 5 2 1/2 5 2
11 11 It it if it 11 it

it 11 it if it to it if

12 2.95 3.71 5 3 1/2 5 2 1/2 5 2 1/2

„ 2

" 2.68 3.91 5 4 5 3 5 3

" 2.27 4.16 5 3 1/2 5 3 5 2 1/2

it ► , it ,; „ „ „ it
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INSULATION: SHINGLES L/D = 4 Fluid: Oxygen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

4000 1010 .5 1 180. 310168 240.7
4

5.77x10 27.5
it to 2 346.5 'It 08.8 2. 89x104

3 513.2 if 2Z.8.2 1.93x104 if

5000 " 1 286.2 364809 113.3 9.15x104 26.96
" 2 551.9 12 3. 4 4. 58x104 It

" 3 817.6 " 146.5 3.05x104

6000 1
2
3

8000 1 390.2 583695 148.7 1.25x105 27.3
If

" 2 752.35 it 159.2 6.26x104 It

if
" " 3 1114.4 to 4.17x104

10000 1
11 2
if 3

12000 " 1 510.1 875541 174.3 1.64x105 27.5
11

" 2 983.2 if 186.9 8.20x104 it

if 3 1456.4 " 228.9 5.47x104 "



ti

INSULATION: SHINGLES L/D = 4	 Fluid: Hydrogen

Tank Tank Cylinder Tank No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

1 10.2 1298. 6 3.27 3.42 1 5 2 5 1 1/4 5 11/2
it' it of it

of if it.

2 5.7 45.8 2058. 12 3.32 3.37 5 2 5 1 1/4 5 2
It 11 11 It 11 it

' 2324 3.31 3.39 2 5 2 1/2 5 11/4 5 2

i 6.7 53.6 2815 3.30 3.40 5 2 1/2
It 11 of it it if

It if it it if

3267. 12 3.29 3.41 5 3 5 1 1/2 5 2 1/2

' 7. 7 61.3 3689 3.28 3. 42 " . 5 2 1/2 5 2 5 2 
it ,+ If „ „ „ ++ ,+ .„ it „

If If It

4281 3.26 3.44 " 2 1/2

it If it

" 9.2 73.9 5357. 12 3.22 3.47 5 3 5	 2 1/2 5 2 1/2

„ it It „ to of	 - if „ „ if it if if if
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INSULATION: SHINGLES L/D = 4 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

4000 1010 .5 1 179.7 35650 263.6 4.22x155 20i 6
11 of 11 2 346.5 224.0 2.11x10
to

" 3 513.2 if 248.2 1.41x105 it

5000 " 1 286.2 29296 94.2 6.69x105 20.0
if " " 2 551.9 " 106.7 3.34x105 "
" 3 817.6 135.5 2. 2 3x105

6000 1 35155
2 „
3 it

8000 1 46874

„ „ „ 2 „
of „ „ 3 if

10000 1 452.2 58592 143. 8 1 06x10 5 201 5
of " 2 871.7 11 158.7 5. 31x10

5it 3 1291.2 198.9 3.54x10 "
12000 1 70310

of „ „ 2 „

to „ „ 3 It

15000 1 87888

2 If

3 if

21000 " 1 738.5 123042 228.3 1.74x106 20.6
It " 2 1423.4 " 251.2 8.70x105 if
to It 3 2108.3 " 317.1 5.80x105

,	 •

I

q	 p	 r^

138



INSU LA TION: SHINGLES	 L/D = 4 Fluid Hydrogen

Tank Tank	 Cylinder Tank	 No, of	 I. D.	 O. D. No. of	 Fill Pipe Use Pipe Vent Pipe
Type Radius	 Length	 Area	 Supports	 Inst. Cond. Sch, Size Sch. Size Sch. Size

Z .	 6177	 1Z	 3.19	 3. 50	 2	 5	 3	 5	 3	 5	 3

11	 10.6	 85.	 7094	 lZ	 3.15	 3. 54	 E^	 5	 3	 5.	 3	 5	 3
11	 ,,	 -;L _,	 ti	 ,t	 , 	 tt	 iT':-	 „	 U	 tt	 -'1,	 ,t	 -11
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INSULATION\- SHINGLES L/D = 4 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation Loaded Q Space Q Ground Pump Down
Time Thickness Weight Weight Time

26000 1070 . 5 1 152 336
of „ „ 2 It

it It „ Z if

32000 it 1 976. 187490 288.1 2.30x106 20.6
it 2 1381. it 317.6 1.15x106
it 3 2786. if 402.2 7.68x105 to
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INSULATION: SHINGLES L/D = 2	 Fluid Oxygen

Tank Tank Cylinder Tank No.	 of	 I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

2 6.9 27.6 1793 12	 2.94 3.71 1 5	 3 1/2 5 2 1/2 5 2 1/2
II It	 11 11 It It	 if It it II 11

" 9.95 39.4 3729.8 1.88 4.34 2 5	 4 1/2 5 3 1/2 5 3
" 8.07 32.3 2453. 2.67 3.91 to 5	 4 5 3 5 3
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INSULATION: SHINGLES L/D = 2 Fluid	 Oxygen

Volurne Ullade Use Insulation Insulation Loaded Q Space Q Ground Pump Down
Time Thickness weight Weight Time

5000 1070 .5 1 367669 100.7 7.98x104 27.3
" it 2 479.6 .11 3.99x104 to

3 710.4 it 117.8 2.66x104 it

15000 '' 2 990.9 1103004 182.4 8.29x10 27.5

8000 3 654. 588270 131.2 5.45x104 27.55
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INSULATION: SHINGLES L/T) = 2	 Fluid Hydrogen

Tank Tank Cylinder Tank No.	 of	 I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports Inert.	 Cond. Sch. Size Sch. Size Sch. Size

2 6.9 27.6 1793 12	 3.32 3.38 2 5	 2 5 1 1/4 5 2
,,. 11 it 11 11

	
It it it It	 It „ it If it

Is if It	 it it it if it

" 11.5 44.5 4667 3.21 3.48 5	 3 5 2 1/2 5 2 1/2

12.8 51.2 6181 "	 3.14 3.55 5	 3 lit 5 3 5 3

143
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INSULATION: SHINGLES L/D = 2 Fluid Hydrogen

Volunic Ullage Use Insulation Insulation Loaded Q Space	 Q Ground	 Pump Dovrn
Time Thickness Weight Weight Time

5000 1070 .5 1 248.7 31203 97.4	 5.83x105	 20.4
2 479.6 " 2.91x105
3 859.8 " 127.0	 1.94x105

21000 " 2
32000 2

0

•

F
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INSULATION: BLANKETS L/D = 4	 Fluid: Oxygen

Tatlk T.ink Cylinder	 Tank No. of I. D. U. D. No. cf Fill Pipe Use Pipe Vent Pipe
Type Rad ius Length	 Area Supports Dist. Cond. Sch. Size Sch. Si p e Sch. Size

1 , 76 15.1 6 3. 348 3. 349 1 10 1/8 10 1/8 10 1/8
11 11

tl „ 11 II 11 11 It 11 ^	 11 11 tl

It ' „ 11 It I1 11 ,1 tt II It it	 . II II

" 1.20 38. 0 3. 34 3. 35 10 3/ 8 10 1/8 10 1/8
^, „ 11 II I.t 11 11 „ !1 tl „ tl 11

11 It It If „ If II 11 It 11 , If 11

" 1.63 69.9 3.34 3.35 1_0 1/2 10 1/8 10 1/8	 J
If it

it 11 11 It it it if it

„ If
,1 to 11 li 11 II „ it 11 11 11

" 2.06 111. it 3.33 3.36 5 3/4 10 1/8 10 1/4
It II It ti 11 11 11 it i! II II II 11

11 it
It 11 11 It 11 11 II tl II If If

" Z.60 176. 3.32 3.38 5 1 10 1/8 10 3/8
It 11 11 If 11 11 If of it It 11

11 „ it 11 if 11 II 11 It 11 11 11 It

it 3. 52 324. 6 It 3.26 3. 4Z " . 5 1 1/4 10 1/8 5 3/4
„

if II II 11 11 It if I' 11 11 11 It

It If 11 11 It it 11 It It II II 11 to

if 515. 3.18 3.51 1 5 2 10 1/8 5 3/4
11 it „ 71 11 t1 11 to II it It 11 it

II it If i1 it II 11 if It It it 11 11

" 5. 59 818. 3. 01 3.66 5 2 112 10 1/8 5 1 1/4
11 TI tl 11 tl II 11 II tl If 11 11 ^1

11 11  11 II ,1 tl it II It 71 tl 11 II
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INSULATION: BLANKETS L/D = 4 Fluid: Oxygen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

5 1070 2160 1 17.7 387.7 7.08 6.72x102 10:5
+ "

11 2 21.7 5.5 3.37x102
" 3 25.6 5.0 2.25x102

20 " " 1 1550.
2 „
3 if

50 1 3877.
2

f 1 t1 3 11 31100 1 102.1 ?754. 10. 3 1. 65x10 10.9
2

3200 1 61.6 15508. 23.8 7.84x10 11.0
It 2 107.9 it 15.8 3.92x103 it

" 3 154.1 13.2 2. 61x104 it

500 if 1 108.5 38771. 41.7 1.44x10 11.2
" 11 2 193.7 if 26.3 7.22x103 11

it 3 278.9 it 21.2 4.81x103 it

1000 " if 1 77542
it of If 2 if

It if 3 If

2000 11 11 249.3 155084 83.7 3.64x104 11.2 
if it 2 464.0 11 53.3 1.82x104 if

11 3 678.8 If 43.2 1.21x104 "
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INSULATION: BLANKETS	 L/D =- 4	 Fluid:	 Oxygen

Tank	 Tank	 Cylinder	 Tank	 No. of	 I. D.	 O. D.	 No. of	 Fill Pipe	 Use Pipe	 Vent Pipe
Type	 Radius	 Length.	 Area	 Supports	 Inst.. Co«d.	 Sch. Size	 Sch. Size	 Sch. Size

1	 6. 39	 6

".	 7.05	 1298	 2.63	 3.94	 "	 5	 3	 10	 ?/8	 5	 2

2	 2058	 2.95	 3.71	 5	 3 1/2	 10	 1/8	 5	 2 1/2
it	 „	 „	 it	 „	 „	 „	 if	 „	 11	 It

, it	 It	 „	 „	 „
	

it	 „	 is

r
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INSULATION: BLANKETS L/D 71 4 Fluid Oxygen

Volun-le Ullage Use Insulation Insulation Loaded Q Space Q Ground Pun-ip Down
Time Thickness Weight Weight Time

3000 10% 2160. 1
2

44000 " 1 395.4 31168^0" 129.9 5.77x10  11.2
2 736.3 81.3 2. 89x10 4 "
3 1077.2 65.1 1.93x104 it

5000 1 624.8 364810 174.6 9.15x10 it

' 2 1165.1 1i 109.0 4.58x104
3 1705.4 It 87.1 3.05x10 "
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INSULATION: BLANKETS	 L/D = 4	 Flui(1- Hydrogen

Tank Tatik Cylinder	 Tank No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Ty pc Radius Length	 Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

1 . 76 15.1 6 - - 1 10 1/8 10 1/2 10 1/8
„ 11 it if _ _ 11 It 11 It tt II it

t1 11 II _ o
II to it 11 11 11 it

l i 1.20 37.97 100 1 10 1/8 10 1/8 10 1/8
„ ii I1 11 11 II 11 11 11 II tl II 11

11 11 ,1 11 11 11 II II 11 11 11 !, II

II 1.63 69.9 it 3.347 3.349 II 10 1/4 10 1/8 10 1/8
11 it .	 11 11 it it it it it 11 11 „ 11

11 11 1I rl II It 11 11 11 11 II !! II

II 2.06 111.0 " 3.34 3.35 II 10 3/8 10 1/8 10 1/4
11 It II it it II It 11 it It it to It

it •11 11 It 11 tl it it 11 11 if it it

It 2.60 176. 11 3.34 3.35 5 1/2 10 1/8 10 3/8
II it 11 If 11 11 11 if 11 It 11 II it

II 11 II It It I1 li 11 II 11 11 !! It

^i 3.52 324.63 3.34 3.35 5 3/4 10 1/8 5 1/2
;i it it 11 11 11 11 11 it II 11 It 11

It it 11 11 II 11 II it it 11 Ii It 11

It 4.44 515.3 11 3.33 3.37 if 5 1 10 1/8 5 3/4
It It It 11 11 to If it it It 11 It 11

II 11 it I1 it it it it 11 it 11 It 11

" 5.59 818. 3.31 3.38 if 5 1 1/4 10 1/8 5 1 1/4
II If it 11 it II It It II It tl It 11

11 It It, 11 11 II it 11 11 11 11 II II

t
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INSULATION: BLANKETS
	

L/D = 4 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation
Time Thickness Weight

5 10°10 2160. 1 17.7
.11

11 11 2 21. 7
•	 ' 11 11 3 z5.6

20.0 " 1
2 33.9
3

50.0 1 32.7
it 2
11 3

100 I
If 2
11 It 3 .

200 it 1 61.6
" If " 2 107.9

3 154.2
500 If 1 108.5
it to 2 19 3. 7
of

11 11 3 278.9 
1000 it 11 1
11 11 2
11 II 3

2000 it if 1 249.3
it "

it 2 464.
11

"
11 3 678.8

Loaded Q Space Q Ground Pump Down
Weight Time

44.6 8.58 4.90x103 9.21
6.92 2.45x103

if 6.41 1.64x103
178.2

if 8.33 6.17x103

4415.6 15.2 2.27x104 9.,46

891. 3
it

178.2 26.3 5.73x104 9.70
11 17.2 2.86x104
it 14.1 i.91x104

4456 44.7 1.06x105 9.90
If .	 27.1 5.28x105 it

to 3. 52x105 It

8912. 7 it

17825 87.1 2.66x105
11 51.2 1. 33x10
It 39.3 8.86x104

•
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INSULATI0N:BLANKETS L/D =4	 Flui,l: Hydrogen

Tank Tank Cylinder	 Tank No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length	 Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

1 6.39 1072. 6 3.29 3.40 1 5 1 1/2 10 1/8 5 1 1/4

7.05 1299. 3.27 3.42 5 2 10 1/8 5 1 1/2

2 2058. 12 3.32 3.38 5 2 10 1/8 5 2
.11 „ it It if „ it it .	 „

it it U if „ if 11 It if It
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INSULATION: BLANKETS L/D = 4 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

3000 1070 2160. 1 26738 9.90
. „ 11 11 2 I1 It

'	 „ I 11 3 11

4.22x105

11

it4000 1 1 is 395.45 35650 134.5
It it 2 736.3 "- 77.2 2.11x105
It It 3 1077.18 it 58.1 1.41x105

5000 it 1 624.8 29297 182.6 6.69x105
2 1165. 103.1 3.34x105 1;

3 1705. 76.5 2.23x10

.
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INSULATION: CONTINUOUS L/D = 4	 Yluicl: Oxygen

Tank Tank Cylinder	 Tank No. of I. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length	 Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

1 .76 15.1 6 3. 348 3. 349 1 10 li 8 10 1/8 10 1/8
It

„ , ► „ „ „ „ „ ► , „ „ ► , ,1

" 1.20 38. 0 3. 34 3. 35 10 3/8 1 ) 1/8 10 1/8
, ► „ „ , ► „ 11 ► , „ 11 „ 11 ►► 11

" 1.63 69.9 3.34 3.35 10 1/2 10 1/8 10 1/8 
If ►► „ „ „ 11 „ ,1 11 if If

It it it 11 it if it

" 2. 06 111 3. 33 3. 36 5 3/4 t 0 1/8 10 1/4

" 2.60 176 3.32 3.38 5 1 10 1/8 10 3/8
„ if „ „ it ,' „ ► , „ „ it It ►►

3.52 324.6 3.26 3.42 5 1 1/4 10 1/8 5 3/4

4.44 515 3.18 3. 51 5 2 10 1/8 5 t
I	 1 11 11 if 11 it

" 5.59 818 3.01 3.66 5 2 1/2 10 1/8 5 1 1/4
„ , ► „ ► , „ 1, „ „ ,1 „ It

if if 11 if It if

•
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• INSULATION CONTINUOUS L/D = 4 Fluid: Oxygen

Volume Ullage Use Insulation Insulation Loaded Q Space	 Q Ground Pump Down
Time Thickness Weight Weight Time

5 10% 2160. 1 3.92 387.7 5.45 6.72x102 16.4
." 11 2 7.68

11 69 3. 37x103
" 3 11.45 it 4.47 2.25x10
20 1 1550

2 ++ ++
3 „ +,

50 1 18.2 3877 12.8 3, 11x1C 1 3̂ ^
it

^i i^
2 35.7 9.07 1. 56x1

of " 3 53. 2 if 7.84
3

1. 04x10
100 1 7754
11 " " 2 73. it 12.2 .'.37x103
if 3 102. it 10.3 1.65x103
200 1 45.8 15508 26.9 7.84}:103
of ++ 2 89.9 11 17.5 3.923,:10

" 3 133.9 it 14.3 2.61x103
500 1 84.4 38771 46.1 1.44x104
11

" 2 165.6 if 7.22}:103
it 3 246.7 it 22.8 4.81x103

1000
If It

1 77542

it I, 2 „

3

2000 1 212.7 155084 111.8 3.64x104
" 2 417.2 67.7 1.82x104

" 3 621.7 52.8 1.21x104
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INSU;,ATIO\: CONTINUOUS L/D = 4	 Fluid: Oxygen

T.mk Tank Cylinder	 Tank No. of 1. D. O. D. No. of Fill Pipe Use Pipe Vent Pipe
Tyne Radius Lenoth	 Area Supports Dist.	 Cond. Sch. Size Sch. Size Sch. Size

1 6.39 1071 6 2.82 3.80 l 5	 3 10 1/8 5 2
I1 11 11 II 11 11- II 11	 ,1 11 11 11 11

II
II 11 11	 - II	 II If 11 II It

I ^ 7.05 1298 if 2.63 3.94 5	 3 10 1/8 5 2
II 11 It II 11 11 11 11	 11 II 11 II it

II
It 11 11 11 II 31 11	 11 11 11 II 11

2 2058 12 2.95 3.71 5	 3 1/2 10 1/8 5	 2 l/2
"II II 11 II 11 11	 11 It 11 11 it

II If 11 it II II	 II if II It II

W.
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INSULATION: CONTINUOUS
	

I,/D = 4 Fluid: Oxygen

V0111111e Ullage Use Insulation Insulation Loaded Q Space Q Ground Pump Down
Time " - '.lickness Weight Weight Time

3000 1070 2160 1 232626
If 2 11

it 3 It

4000 it 1 337. 6 3!0168 173.9 5. 77:10 4 16" 4
2 662.2 " 103.9 2.89x!.0

" 3 986.9 it 80.3 i.29x104 it

5000 " 1 535.1 364810 267.0 9.15x104
" 2 1049.7 it 156. 4.58x104
it 3 1564, 2 it 119. 3. 05x10

IV
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Tank Tank
Type Radius

l . 76
► 1	 II „	 '

rs	 11 11

' 1.20
,•	 II 11

II 11

" 1. 63
11 11

rl 2. 06
Ir II

t1 11

II 2.60
rl Ir

11 11

3. 52
^^ 11

II
11

11 4. 44..
11 II

II II

11 5. 59
11 11

II it

Cylinder Tank
Length	 A rca

15.1
II

II

37.97
I

rl

69.9
11

11

111.0
11

11

176.

11

It

3?4. 63
11

It

515.3
I

Ir

818.
II

It

0•	 - SIR-

INSULATIO\T : CONTINUOUS L/D = 4 Fluid Hydrogen

No. of I. D. O. D. No.	 of Fill Pipe Use PiI),. Vctit PipeSupports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

6 1 10 1/8 10 1/8 10 1/8
11 _ r, 11 11 11 It It It 11

tl
11 t, /I tt 11 tl tl

" .001- 10 1/8 10 1/8 10 1/9
II

o _ II 11 ► I ,t 11 II 11

II _ _ It II 11 „ 11 II It

" 3. 347 3.349 10 1/4 10 1/8 10 1/8
" 11 11 11 If II It 11 It

It II rl It II 11 it tl II tl

3.34 3.35 " 10 3/8 10 1/8 10 1/4
11 tl II 11 11 11 II 11 tt tl

11  11 it r^ II II „ If 11 11

" 3.34 3.35 5 112 10 1/8 10 3/8
f1 II 11 11 II 11 It It It II

it 11 It Ir II II 11 11 II II

" 3. 34 3. 35 5 3/4 10 1/8 5 1/2
'^

11
"

11 II II It tl it II

II rt 11 II 11 11 11 11 rl 11

" 3. 33 3. 37 5 1 10 1 1/3 5 3/4
II 11 11 11 It 11 It 11 It 11

" II
1'

11 II ►► it 11 11 11

" 3.31 3.38 5 1 1/4 10 1/8 5 1/4

II II 11 II If 11 It rl ► I 11

•
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INSULATION: CONTINUOUS L/D = 4 Fluid	 Hydrogen

V0111111e Ullage Use Insulation Insulation Loaded Q Space Q Ground Pump Down
' Time Thickness Weigh-, Weight Time

5.0 1070 2160. 1 3.42 44.6 7. 32 4.9x103 14i 6

2 7.68 6.30 2.45x10 3

" 3 11.45 5.00 1.63x103 It

20. " 1 9.87 178.2 10.7 1.23x104 it

11 2 11 it

11 11 „ 3 11 it

50. " " 1 445.6 to

11 '' 2 35.7 .11 10.98 1. 14x10 4 -
11 3 11 ,1

100. 1 891.3 it

11 2 11 II

it 84. 4 11 l2. 4 1, 20x104

200 1 45.8 1782. 33. 7 5. 73x1(, Z
"

11 11 1, 2 11 It

11 11 11 3 11

500. 1 84.0 4456. 57.0 1.05x105
it 2 165.6 11

-	 33.4 5.28x104
if 3 246.7 11 25.5 3.51x104.

1000. "' 1, 1 8912.7 - 11

11 " 2 262.8 11 49.4 8.37x104
t1

it 11 3 391.6 " 36.9 5.58x104 If

2000 it 1 212.7 17825. 135.1 2.66x105 if

"
i t 2 '417.2 11 75.7 1. 33x105 If

"
It

" 3 621.7 If 55.7 8.86x104 11

Ap
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. INSULATION: CONTINUOUS L/D = 4	 Fluid Hydrogen

Tank Tank Cylinder	 Tank No. of I. D. O.D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length	 Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

1 6.39 1072 6 3.29 3.40 1 5	 1 1/ 2 10 1/8 5 1 1/4

" 7.05 1298 3.27 3.42 5	 2 10 1/8 5 1 1/2

if if

2 2058 3.32 3.38 5	 2 10 1/8 5 2

qr



INSULATION: CONTINUOUS L/D = 4 Fluid	 Hydrogen

Volun-le Ullage Use Insulation Insulation Loaded Q Space Q Ground Pump Down
Time Thickness Weight Weight Time

3u00 10% 2160 1 278.7 26738. 173.9 3.48x105 14.6
2
3

4000 1 337.6 35650. 210.2 4.22x10

2 662.?. 115.8 2. 11x10 "

3 986.9 if 83.9 1.41x105

5000 " 1 535.12 29297. 325.0 6.69x105
2 1049.7 175.4 3.34x10

3 1564.2 125.0 2.23x105
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INSULATION: CONTINUOUS L/D = 4	 Fluid: Oxygen

Tank Tank Cylinder Tank No. of I. D. O. D. No. of Fill Pipe Use Pi pe Vent Pipe
Type Radius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

1 10.2 1298 6 2.63 3.94 1 5 3 5 2 1/2 5 2
oil If it

to it It

2 5.7 45.8 2058 12 2.95 3.71 5 3 1/2 5 2 1/2 5 2 1/2

„

,
„
„

,
,
„
" 7.7 61.3 3689 12 2.27 4.15 2 5 3 1/2 5 3 5	 2 1/2

16L
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INSULATION:	 CONTINUOUS L/D = 4 ; , ;uid: Oxygen

VOlu1-1-142 Ullage Use Insulation Insulation Loaded Q Space Q Ground Pump Down
Time Thickness Weight Weight Time

4000 100/0 .5 1 337.6 310168 189.5 5.78x104 16:4
" 2 662.2 119.5 2.89x104
„ 3 986.9 95.8 1.93x104

5000 1 535.1 364810 282.6 9. 15x10 4
" 2 1049.7 it 171.6 4.58x10
" 3 1564.2 134.2 3.05x104

6000 1

It „ „ 3

8000 " " 1
11 „ „ 2
it 3

10000 1
2
3 1,

12000 1 959.2 875541 480.9 1.64x105
2 1881.5 281.8 8.20x104

" 3 2803.8 214.6 5.47x104

s
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INSULATION: CONTINUOUS L/D = 4	 Fluid: Hydrogen

Tank Tank Cylinder Tank No. of I. D. O.D. No. of Fill Pipe Use Pipe Vent Pipe
Type Radius Length Area Supports Inst.	 Cond. Sch. Size Sch. Size Sch. Size

1 10.2 1298 6 3.27 3.42 1 5 2 5 1 1/4 5 1 1/2
if if it it it of 11 it

2 5.7 45.8 2058 12 3.32 3.38 5 2 5 1 1/4 5 2

" 6.7 53.6 2815 3.30 3.40 2 5 2 1/2 5 1 1/2 5 2 1/2

" 7.7 61.3 3689 3.28 3.42 5 2 1/2 5 2 5 2

" 10.6 85. 7094 3.15 3.54 5 3 5 3 5 3

9.2 73.9 5357 3.22 3.47 5 3 5 2 1/2 5 2 1/2
3:15
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INSULATION: CONTINUOUS L/D = 4 Fluid: Hydrogen

Volume Ullage Use Insulation Insulation Loaded
Time Thickness Weight Weight

4000 10010 .5 1 337.6 35650
11 11 662.2
of of „ 3 986.9

5000 1 535.1 29296
2 1049.7 it

" 3 1564.2 it

8000 1 732. 46874
It

" 2 1435.9 "
11 2139. 7 it

12000 1 959.2 70310
2 „

" ► ' " 3 2803.70' it

32000 1 .18{.44. 187490
it 11

" 2 3618. "
it if

„ 3 5391. it

21000 It 1 1393. 123041
2 2732.
3 40715 it

Q Space Q Ground Pump Down
Time

218.6 4. 22x15 14.6
124.2 2. 11x10 it

92.4 1. 41x105 to

333.5 6.69x105
18 3. 9 3. 34x105
133.4 2.23x105
455.6 9.15x105
250.8 4.58x105
181.8 3.05x105
584.9 1.20x106

„

226.0 4.00x105
1116. 2.30x106
599.7 1.15x106
425. 5 7. 68x105

'	 848.2 1.74x106
458.6 8.70x105
327.1 5.80x105

•
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5. 2. 1. 3
	 Performance Characteristics

0

(1)

From the foregoing results, some general performance characteristics

can be inferred.

Among the short term insulations, shingles/substrate exhibits by far the

best ground hold, for both fluids. The approximate ranking for oxygen is

shingles/substrate, shingles, fiberglass, in the ratio 1:10:15. For hydrog-n

ground hold the ranking is shin gles /substrate, fiberglass, shingles in the

ratio 1 :2:7.

In space, the models predict shiulglesand shingles/substrate to exhibit

comparable performance on oxygen tankage while fiberglass performs

10-20 times worse. The ratio here is 1:1:20. Hydrogen tanks in space are

better insulated by shingles, followed by shingles/substrate and fiberglass,

in the ratio 1:2:20.

Some interesting effects occur in connection with these results. On the ground,

no drastic difference is observed between spherical and cylindrical tanks.

Shingles alone exhibit poor ground hold characteristics because of the direct

lateral conductive path to the tank. In space, both shingle systems show

better performance (by a factor of two) on cylindrical tanks. This is an

effect of shingle geometry, fewer shingle joints being required on the

C^
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cylindrical tank. Fiberglass is relatively insensitive to the difference in

spherical and cylindrical geometry. Some comparative results for other

L/D ratios are included in the tables for these insulation systems.

Long term insulation systems, blankets and continuously wrapped, perform

similarly under ground hold conditions for both hydrogen and oxygen. On

hydrogen tankage, there appears to be an unfavorable region for blanket

systems in the range of 500 - 1000 ft 3 volurnes, due probably to seam

geometry, with resulting thermal performance degradation. Other than that,

these systems would be rated 1:1 for oxygen under these conditions, with

continuously wrapped systems showing 3:1 better than blankets on small

hydrogen tankage (< 1000 ft3 ), and 1: 1 in the remainder of the range. Blankets

show some definite geometry effects.

In space, the t-%;vo systems; perform about equally well on oxygen tanks.

Continuous systems have :3lightly (-10%) better thermal performance on

intermediate (< 1000 ft 3 ) tanks, and a definite (25`;0) advantage on -,`.he smallest

tanks. Overall, the continuous system should be rated slightly better than

blankets, say 1:1. 1,

In addition to the blanket geometry effects, both systems exhibit degradation

in thermal performance in ,;pace, if cylindrical instead of spherical tanks

are used. This effect appea ~s to be preponderantly one of surface to volume

ratio. A thermal performanc ^ summary is shown on the following pave.

166

i



l
PERFORMANCE SUM'v .RY

Approximate Snort Term Thermal Performance Ratios

Fiberglass: Shin g les /Substrate: Shingles

Oxygen:	 Ground Hold 15:1:10

Space	 20:1:1

hydrogen:	 Ground Hold 2:1:7

Space	 20:2:1

0
Approximate Long Term Thermal Performance Ratios

Blankcts: Continuous Wrap

Oxygen:	 Ground Hold 1:1

Space	 1:1

Hydrogen:	 Ground Hold 1:3 ( 1000 ft3)

1:1 (	 1000 ft3)

Space	 1,1:1

107
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0
For the reader's interest, results displaying the performance of these two

systems under different conditions of use have been calculated and included in

the tables. The thermal performance of short term systems is too poor to

warrant this added effort for those cases.

5. 2. 1. 4	 R ecommendations

Because of limitations on the duration and scope of this study, it has been

impossible to isolate and identify all the effects observed in the calculated

results. A detailed study of performance characteristics should be conducted

for the shingles /substrate and blanket systems.. Additionally, some new

methods and materials should be sought for reducing the lateral conductivity

of the func^iona?. element of these two systems.

5.2.1.5	 Conclusions

The mathematical models produced by this study offer a new and better way to

investigate external insulation systems. From the results of the study,

shingles/substrate systems exhibit best overall short term performance,

while blankets offer satisfactory long term thermal performance without many

cf the difficulties associated with continuous systems. Both. systems suffer

from lateral conductivity and geometry effects, and further study will be

required to minimize these effects on system performance.

108
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5. 2. 2	 C onf igurat ion

5.2.2. 1	 Weight

Weight is a primary consideration for any external insulation system. The

tables of the foregoing section show insulation weight as well as total tankage

weight, with insulation installed. Following is a brief summary of methods

used to calculate insulation weight.

The fiberglass and continuous wrap systems represent the simplest cases.

The insulation weight for either of these is:

St = (A)RHO(t) + (A)RHOPJ

A is the tank area, RI10 the insulation densit y , t the thickness, and RHOPJ

the purge jacket density. This calculation does not include attachment

weight.

For shingle systems, the same basic formula may be used, while for the

shingle/substrate system, a term (_^,)R.HOSt7E(tsub) muss be added to account

for the substrate weight.

1 o i'



For blanket systems, the basic formula is used, except a term  NO

(WATTACH) is added to account specifically for the attachment device

weight. 4 represents the blanket width in feet, hence NO is the number

of attachments per linear foot and WATTACH is the weight per attachment.

5.2.2.2	 Dimens ions

All pertinent system dimensions, including those of tankage, supports, and

piping are shown in the appropriate tables of the parametric results.

D. 2.3	 Technical & .Material Specifications

The specification of an external thermal protection system is a complex

matter, because such systems have many parts, and the pars have many

interrelationships.

System performance may be specified in many ways. The basic system

approach should be clearly specified, to insure that minirnal thermal

performance goals will be met. Minimum acceptable heat leak into the

tank when fully 'Loaded, and held on the ground, may be set. However, this

may be no guarantee of space thermal performance anless elaborate space

sir.ZUlations are performed.

CJ
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A better method of specification is to specify maximum allowable loaded

system weight at launch, an(: required minimum flow rates during the

mission lifetime, with perhaps a maximum permissible tank pressure rise.

This manner of specification allows the designer maximum freedom within

the framework of a specific conceptual approach. It is desirable, if at all

possible, to test the system performance under simulated operating conditions

because of the uncontrollable variability in cryogenic tankage performance.

If such tests are planned, it is important to simulate accurately the rank

operating environment, not only witil regard to pressure and insul&-;Ion warm

boundary temperature, but also with regard to radiant energy input. There

are many space simulation facilities which allow some degree of control over

the necessary parameters.

Material specifications are somewhat more straightforward, as one can

write the specifications around manufacturer's standard products, as for

example Na.mc,-) 7343/7193 polyurethane adhesive. The same is true of

such items as vacut:m/purge jacket laminates. (See the Interim Study Report

of this contract for a comprehensive listing of these materials. ) The only

vendor supplied item over which oiie has little control, as discussed ea=rlier,

is metal coated :, -:antic film. The specifications on this material should be

written carefully, so that in the case of delivery of unsatisfactory material,

at least a major expense will not be incurred. Although vendors prefer to

specify coating thicrness :y-3 resistivity, this should be avoided if possible,

•
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and the thickness specified by an actual  dimensional unit such as Angs:r.om.s.

If necessary, such thickness can be measured directly by one of several

techniques, such as Fizeal" interference fringes. in addition, to guard

against poor coating practice, oil contamination, etc. , the maximum,

tolerable coatin., emissivity should also be specified. Discussions must be

held with the vendor to determine what feasible limits of emissivity can be

met, and what method of determining emissivity is acceptable to both parties.

A	 advisable to -remember to O;t some limitations on the frequency of

coatL-i ry imperfections such as pinholes, thin spots, etc. Again prior

conversations with vendors are the only reasonable way to determine the

current state of coating capabilities. Inevitably, one will h? : rc to compromise

his requirements somewhat.

. 2. 4	 Summary of Analy; is Results

The effort undertaken to calculate the results show:._ in the previous section

was considerable. Some of this work has :-een described in the Interim Study

Report, but the entire effort will be summarized here.

5.2.4. 1	 Structural Functional Relationships

The structural calculations begin with the sizing of the tank according to

volume and materials. Parameters incident to the calculation include, but

are not limited to:
172



Fluid type (hydrogen or oxygen)

FV	 = Required fluid volume

U	 = Ullage volume per cent

Tank material; determines RHO, the material

dens it 

SD	 = Maximum spherical tank diameter

LD	 = Maximun. L/D for cylindrical tank

MACD Maximum and minimum cylinder diameter

MIC D

P Maximum tank pressure

UT Fluid usa -e time

FPL Fill pipe length

GHT Ground hold time

TROT Erviro.zmental temperature

c

^	 I

,i

1

I

•

From this information, the tank geometry configuration follows according

to the relationships below:

Tank volume:

n
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Spherical tank radius:

^X111
Area

A= 7^,^^
For hemispherically headed cylinder tanks: choose

then the cylinder length is

A rIF

If L/D is greater than the specified maximtun input, a larger r is chosen

and the calculation interatod.
I.

Tank wall thickness is calculated for a cylinder by

D /A	
---

where SIG represents the room temperature values for the Ultimate

Strength/2 or Yield Strength/1. 5 for Luconel h, 304SS, 6061T6 Al, and

6A1-4V Ti. The lower limit of material workability is set at 0. 036 in.

For the tank heads

Spherical heads rather than the more economical flattened

(torispherical, etc. ) shapes have been used in this study as they were

specified as a -round rule in the Contract. Tank heads are sized to with-

stand evacuation.

C
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n Tank weights, empty and loaded, are calculated from:

1/,V	 A
for oxygen tanks, where the sum is over the tank parts.

1. 2 is the allowance for stiffening r ings, and 1. 5 represents re irforc ing

R r load bearings points.

For hydrogen	 I'iV/ — (L- V!`	 >(^, 1) ^^^/^1

Fluid weight for 0 2 is	 `,L^ jr. f^ V

for hydrogen

in pounds per cubic foot.

The foregoing values were used to provide design loads for establishing a

support system. The support desi b .z has been based on the study reported

in NASA-37 summarize.d in the Bibliography/Synposes/Category report.

Based on this report, filament-wound fiberglass struts have been selected

as the best genera l purpose jupports. Six struts have been used for

spherical tanks and cylindrical tanks with cylinder lengths less than 2. 5

feet. Longer cylindrical tanks use twelve supports as indicated schematically

k

0 9 in Fig. 1. The plane of each pair of supports is inclined outward 10 degrees
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f^!	 front the vertical to provide support for lateral loads. The detail

i	 construction of these supports is given in NASA-37 and is shown in

Fig. 2. The supports have been designed for a combined acceleration

and vibration load of 8. 5G downward (tension) and 3. 5G upward (compression)

}	 using the following equations:
,r

oz

and

where	 W	 =	 static load (tank weight, loaded)

n	 =	 number of supports

g	 =	 acceleration

do	 =	 o. d. of support

di	 =	 i. d. of support

L	 =	 length of support

Ft	=	 tensile stress (UTS = 140, 000 osi)

E	 =	 elastic modulus 5.4 x 10 6 psi

ct and-re present the angles of the support from the vertical, as :shown in

Fig. 1. TypicallyXis 10 degrecH, and 45.

These equations have been solved simultaneously for the support diarneters

using lengths of 1.5 and 3 feet. Fill and vent lines have been sized to cool

0
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and fill the tanks in 1/2 hour with amaximum pressure head of 40 psi

in 20 feet. The vent pipe has a pressure drop less than 5 psi in 3 feet. 	 The

smaller tank lines were sized to fill in 1/4 hour. 	 All wale thicknesses are

the minimum available in the required size.

The flow rate through the fill pipe is given by

Pz F 3 ^1

FV	 = Fluid volume

A h	 = fluid heat of vaporization

W	 = tank weight

P	 = liquid density

A H	 - sensible heat removed to cool 1 lb. of tank

material from room temperature to cryogenic

temperature

t	 = total time allowed to cool down and fill (1 /4 to

1 hour)

The volume of fluid transferred is:

V	
P P,1I

and an initial pipe area is assumed. The pressure drop is found from

P	 if o^	 J	 z

/^ Z	 12 D/A1,f

lY)
All dimensions in Ft. , Lt,, Sec.
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and is limited to the value stated above. The calculation is iterated to

fb-id the correct pipe size. Once found, the closest standard size is located,

and printed by the computer.

The vent pipe size is calculated similarly using saturated gas values, the

same Q and 3 to 10 feet of pipe. The velocities are limited to 0. 3 speed of

sound at saturation temperature.

Usage lines have been sized according to an assumed mission profile as

follows. Short term missions were assumed to use all the cryogens in 1 /2

houz while the long term mission was assumed to provide a continuous flow

for 3 months. All use lines were sized for pressure drop less than one

atmosphere in a 20 foot line, with liquid flow assumed.

4	 In addition to the plumbing described above, each tank over 5, 000 ft  is

assumed to include two 1/2" thin wall instrumentation conduits . All smaller

tanks have one conduit each.

The various pipes are summarized in the tables of results. This completes

the discussion of the basic tank geometry calculations.

E' l
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5. 2.4.2	 Thermal Functional Relationships

The heart of the thermal modeling programs developed for this study resides

in two mathematical models described partially in the Interim Study Report.

We repeat this description in this section, and present the full solutions in

Appendix 1.

Instvlatioii Degradation in the Region of a Penetration

The literature survey completed in Phase One of this study revealed two

theoretical approaches to the penetration problem, (NBS-119, NBS-1 12).

n	 In both instances, a finite difference numerica l model of the system was

utilized. The latter group represented the system with a constant tempera-

1	 ture penetration and a combination of linearized nodal. radiation and conduction

in the insulation. The reported investigation was limited to boundary

temperatures greater than 300 OX. In the former investigation, a finite

difference model was developed to represent lateral conduction and normal

radiation within a super insulation.

The reported results did not include effects of penetration thermal properties

and/or the effect of varying lateral insulation conductivity.
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The results of these investigations Dave been useful in preparing the

preliminary thermal performance characteristics presented in this report.

The great variety of penetrations and insulation types under study here has

limited the usefulness of the published results; therefore, an independent

study of penetration modeling was initiated.

An analytical representation of the penetration problem has been selccted for

study. The analytical approach may provide a significant improvement in

visualizing the interdependence of the many parameters involved, thus

providing a maximuni of insight and information for a minimum of computational

effort. A second reason for selecting the analytic model over a numerical

model is the ea.;e in scaling detailed computed results according to the

grouping of "natural" parameters which appear explicitly, reducing the cost

O.L. parametric design studies. Third, numerical methods for rclving finite

difference equations are often conditionally unstable when boundaries between

I
'	 unlike materials are present. This problem,which seems to be more serious
1

in cylindrical coordinates than in rectangular systems, frequently produces

"converged" solutions which are physically impossible. Generally the

di-fficulty may be overcome on a case-by-case basis which can make the

solution quite costly and time consuming. In what follows, a brief outline

of an analytic solution to a penetration model is presented.

0
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Figure 3 depicts the physical model in cross section; the model assumes
r

radial symmetry about the cylindrical penetration's axis. Region one

represents an optional thermal stand off insulation which has constant

,.ductivities which may be different in the radial and axial directions.

Region two represents the primary tank insulation which may have different,

constant conductivity values in the two directions. Radiation effects may be

included approximately by including the appropriate linearized radiation

expression in the conductivity value. Region three represents that portion

of the penetration in-contact with the insulation, while region four m^dels

the portion of the penetration outside the insulation. Conduction in the

penetration is treated in one dimension. A t all interfaces, perfect thermal

contact has been assumed for the present, but it may be possible to include

a finite contact resistance in the future.

At the oater insulation surface a linear heat transfer coefficient is used;

this can model linearized radiation and/or convection. A prescribed

undisturbed insulation temperature profile is used at the extreme right

(far from the penetration) and zero temperature is prescribed at the lower

surface, (cryogen temperature scaled to zero). The inside surface of the

cylindrical penetration has no heat transfer and its outer extremity is

maintained at the surrounding temperature, T H
.H

181

a



.i
'̂ L̂ ^v1 r ^/7 2^^	 _	 ^^ L .^L

dl- Z !^	
z

C)

r, r,

P	 z

C

I

6

k	 O	 The mathematical model requires the solution of four second order partial

differential equations and their associated boundary conditions. The

solutions take the form of infinite series of orthogonal functions. A brief

description of the solution follow:..

The differential equations and boundary conditions are:

i
i

T
^-	 rL ^z 1 ^=^^ v^^LL/

)4L -Z	 (7 - 7,

_ J
	 1

d	 o
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The mathematical solution to theroblems associated with temperaturesp	p

one and two above are most easily solved by splitting the linear problems

into three problems, each with three homogeneous boundary conditions.

Each of these problems results in differential equations with separable

variables. The separated equations are susceptible to Sturm-Liouville

analysis producing eigenvalue and orthogonal eigenvector solutions. The

solutions are given in detail in Appendix I.

Thermal Performance of Multilayer Shingles

The literature survey has surfaced two basic experimental studies of multi-

layer shingles, (NBS-68, NBS-92). Both explored the effects of shingle

length on the total heat transfer for foam spaced shingles. Although this

published information is valuable for verifying the accuracy of analytic heat

transfer models, no general theoretical or predictive methods have been

reported in the literature.

I

s
Part of the intent of the Interim Study Program was to provide advanced

methods of thermal analysis for external insulation systems. For a homo-

geneous isotropic material such as bulk fiberglass, there is little that one

can do to improve an ordinary heat loss calculation. Continuous multilayer

systems are also similar in that regard, if one takes their anisotropy into

n
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C;	 account. lIowever, for shingled multilayer systems, one can take shingle

geometry into account, and move a step closer to a real system by breaking

the system down into an over-lapped subassembly level as shown in Fig. 4.

Since shingles provide heat leak paths to the tank in both the normal and

lateral directions, a two dimensional linear conduction analysis (anci/or

linearized radiation) based on the geometry shown in the figure has been

developed. The analysis will permit a parametric study of various shingle

designs and materials.

The basic physical model as well as its associated mathematical notation are

shown schematically in Fig. 4. The mathematical model requires the

solution of three coupled, second order, linear, partial differential equations

and their associated boundary conditions as detailed below. The small

anisotropy in the x direction has been eliminated because it appears to be

a second order effect.

Z _o

z

d^^ = D

d^

1

,/ -{^X Z 	 K	 a`JZX,

2
J 7z 	 V Z
d X Z	

__---

G 3 3

a	 V• ,Y 3

y

L L Lz ^L i L1

L Z ^^L /	 Z'
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The solution to these equations is derived by separating the variables

and solving three Sturm-Liouville problems in several steps. Each step

is designed to provide three homogeneous boundary conditions which form

the proper boundary conditions by forming a linear combination. of the

solutions. The cryogen temperature has been specified as zero and all

other temperatures scaled to that value. Each of the linear heat transfer

coefficients (1-1 1 through H 5 ) can represent a combination of conduction and

linearized radiation. The complete solution is shown in Appendix I.

Thermal Performance of Multilayer Shingles o.-.z a Substrate

A model was 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 solution are identical to that described previously,

except that the boundary conditions are modified. All the t = 0 boundary

conditions include the substrate resistance in series with the resistance of

the lower shingle layer. Formally, the only mathematical changes are

replacement of the corresponding equations by the following:

t f'%
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1
I

0	 The temperatures and the relevent constants are quite simil4r to those

indicated before and ther-- or. e are not repeated here.

5.2.4.3	 Heat Transfer Functional Relationships 	 f

Once the tank parameters have been calculated, and ti-le penetrations sized,

the heat transfer calculations may be begun. The calculation of penetration

heat leaks proceeds first, according to the thermal model described in the

last section. The results of these calculations are saved, and the system heat

transfer calculation starts. The following section describes the methods used

for the heat transfer calculations for each system.
3

i

Ground Hold Heat Leak

Each of the insulations reported here incorporate some type of purge gas to

accommodate -round hold while minimizing condensation and freezing of i

atmospheric bases. Nitrogen gas is used for purging oxygen tankage while

helium is used for hydrogen. Nitrogen has a lower conductivity than

helium so it is used in the oxygen case. However, it is not normally suitable

for hydrogen tankage because it would freeze at the tank wall.
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The trade-off between nitrogen and helium is not as straightforward as

it appears on a conductivity basis, because nitrogen neither outgasses

from the material nor difuses as rapidly as helium. Therefore, ground

hold heat leak gains associated with nitrogen may be partially or totally

offset by increased pump down time and attendant heat losses in the early

phases of the mission. Since the thermal conductivity of the purged insulations

using any gas is several orders of magnitude greater than the evacuated

insulation values for each insulation, different ground hole: models have

not been used for each purging system. One basic model incorporating

one dimensional heat flow from the surroLndings to the insulation by radiation

and atmospheric convection and a series pure conduction in the insulation has

been used throughout (convection within the insulation is minimized by the

insulating material which breaks up convective patterns).

The approach to calculating this heat leak is summarized as follows: from

a heat balance at the insulation outer surface, calculate the surface i
temperature.

where

	

^-s =	 emissivity of surroundings

4	 =	 emissivity of outer insulation surface

	

=	 Boltzman constant
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i.^

	= 	 surface temperature

	

/y =	 surroundings temperature scaled to the

tank temperature

	

/^ =	 thermal resistance of insulation

	

^^ T	 insulation thickness or a portion therof

	

r^ =	 convective heat transfer coefficient for
atmospheric gases

for air where

IV 	 = tank volume

The insulation resistance is taken from the literature fcr gas filled insula-

tions, (NBS-100, NBS - 56, DDC-19, NBS- 35, NASA-30, NBS-1 18 etc.).

Once the surface temperature is known, the heat leak is calculated as

follow s :

If

Number of penetrations

where

insulation surface area

0
	

â	=	 penetration conductivity
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s;' =	 penetration th icl:ne s s

/^ =	 penetration radius

penetration length outside insulation

penetration insulation thickness

Heat-7 ransfer During Pump Down

The analysis of heat transfer during pumpdown has been approximated by

integrating the thermal conductivity of the insulation as a function of pressure

over the pumpdown time. For the purposes of this calculation, the pressure-

tune relationship has been assumed to be linear for each insulation. The

conductivity pressure relationship is from the literature, (i. e. , NBS-100,

NBS-56, NBS-63, NBS-118, etc.).

The pump do ,,-.,n time has been determined from a new two dimensional free-

molecular diffusion analysis. Various parameters characterizing the

insulations have been selected from the literature (NBS-61, NBS -66, DDC-24,

NBS-41, NBS-63, NASA-36, DDC-7, NBS-115, etc. ) to model both broa.d-

s ide and end pumping on the laminar insulations. Blankets and continuous
1

insulations have small perforations in the layers amounting to 1. 88% of

their surface area to accelerate pumpout (NIBS-66, DDC-24, NBS-61, etc.)

0
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1	 ,

The analysis includes the time varying effect of out-gassing although the

experimental data for this is rather sparse. The actual pressure histories

have not been calculated since each of the insulations under consideration

have been exposed . and survived typical launch depressurization cycles.

This analysis assumes that the free molecular diffusional''low regime is

reached at orbital insertion so the continum pumpout has not been analyzed

in detail; data repc.rted in the literature (DDC-7, 1IASA-30, ^TBS-41, et-c.)

verifies this procedure.

It is assumed that the purge jacket can be opened at intervals which do not

exceed the linear dimension of a shingle or blanket or a maximum of every

4 feet. In all cases the purge jacket is a Mylar-aluminum foil-aluminum

®	 foil-M lar laminate The values resented here must b ss m ty	 p	 e a u ed o be

approximate because of the void of available basic data. The two dimensional

pumodown analysis yields the following result:
ae

z L

	

z	 -- /^	 L

	

G (	 ., Z /

Ilkwhere	 U,	 i
4 J	 Z	 Y", Z

1	 _y_ ---

6DZ.^ 
7	 ^

^-7
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where

r.	 1_	 ^ /	 ^/	 ! yrl l

!f- 	 -

L

diffusion coefficient parallel to the layer

diffusion coefficient perpendicular to the layers

thickness of insulation

1/2 the spacing between purge back openings or

insulation joints or shingle length

diffusional conductance at L.

diffusional conductance at surface of insulation

#	 A and Q are parameters describing outgassiu:g according to

	

rate =	 2

Y	 /	 _

ptlrge gas constant

	= 	 absolute tem--)erature

	

=	 number of insulation layers/foot

These equations have been solved for the time (T) required to reach a

maximum interstitial pressure of 10 -4 Torr. This result has been used

to compute the pumndown heat leak using the linear pumpdown rate; the

result is as follows:

0
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i/	 "'	 1.

where

	

=	 insulation thickne s s

	

!^ =	 surface areas

	

hl/^ =	 area of penetration "L"

effective ground 'hold insulation conductivity

^P^ • 	=	 penetration conductivity

temperature difference

pumpdown time (hr s. )

	

=	 length of penetration

Since the -round hold heat leak is dominated by the purge bas conductivity,

the above analysis for heat leak during pumpout only considers the ga seous

effects and thus appears the same for each insulation. Notice that the above

equation gives a net heat leak per unit pumpdown time which is very close

to Q ground/1. 6.

Detail insulation characteristics are then Lici luded in the Q ground and the

pump awn time, T P.

0
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D
	 Spaco IIcat Lcal:

Thermal performance in space is calculated as follows: For fiberglass,

the space heat transfer rate is:

T HO T
Q= A	 (K)	 t	 +	 i	 Q (penetration)

	

surf	 f	 i

here t is tl.e thickness ; and other parameters are as before. For continuous

systems, the insulation term above is multiplied by the experimentally deter-

mined degradation factors:

Perf (F ) F

	

'DC	 inc

representing perforation, joint and seam degradation. F ine is different

for spheres or cylindrical tanks. For blankets and shingles, the situation is

n,.ore complicated, as we must calculate the insulation geometry which will

fit the tank size.

For shingles, the size of the polar shingles is determined by taking the

smaller of

C 6L
r

4	 v
1

the shingle length is the smaller of

iZ

194



6

C

the number of shinglcs is

Al =	 ^
G

The width follows from

f o r Z-

^^ J

for	 ^ ^ ' - // L7^C ^^^ ^ ^, •^ /^ • _ /) ^	
,.^

For the cylindrical tank

/V

^y

11 1
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.	 .

f'?	 The heat transfer is then computed frorn

,r u a	 ` J NLC ti t! /C' (
	 /'	 L	 `' ^l	

Lr ' - zil

where
c	 1

l c 	 L GIi
Q si:ingle may be found in Appendix I.

For blankets, the analysis is similar:

Ileads:
lee Z^

IL^ = s^,u //^

Z/ILz	 ^-

/z/,

1^7

"1
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Cylinder:	 =

/V	

11V	
L4

/[- ? Zz^

k

Q l ^/J r! t' rL J

zj-'vf

Mean widths are then:

^L /zh _ z C ,4 i1v
l^	 2-

0
Finally, the heat transfer is

-"e- I ^2 - 	&/,,, &

Here A is Asurf T 4 NO as described earlier. Q penetration may be

found in Appendix I.

\I
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Appendix I - Solutions for the Computer Models

Here we present the complete solutions for the penetration and shingle

models described earlier:

Penetration Model Summary

The reader is referred to Fib. -"#' for explanation of the penetration geometry.

The integrated heat leak through the penetration is:

_z i r ^r	 r3^ rL -
	 '

7-1

^Z

Performing the indicated operations, this expression becomes explicitly

	

z i	 h 	 O	 /i/ 1	 /n	 ^

	

^ yl	 3

1	 r

c

.2 i^ ^ C	
z

^-	 , , 'l _ r" 2 t 2 7/z CZ ^3 1 `t `	 2i^ r P s C; ^-

2	 2	 2	 Z	 z

Q
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C-7
,2 j3 ) l^ ^/^ z„ fs^ - x'1 0 ^^ 1„ r) /C/

0	 o Oz'l	 -YO.- /; - -	 I " r, ))

b ^-

z

_`	 1

r^

where ( 1 I k^ j 1/ l ) are Bessel's functions. The small k's represent the

l_	 thermal conductivities of the geometry, as indicated in Fig. 3, while the K

represent ratios o: these conductivities. These and remaining constants

are shown explicitly below:

/ 2

In	 ^
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f(z) is the undisturbed one dimensional temperature profile: far from the

penetration, and the H i are defined in section 5. 2. 4.2.
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Temperature profiles in the penetration computed using this result have

been checked against published experimental measurements and agree to

within 5% with those.
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Shingle Model Summary

In the case of multilayer shingles,see Fig. 4, the expression for the

integrated heat transfer is
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where W is the shingle width, and the K's are as be:L*ore. Similarly,

also the Y, / are eigenvalues of the equations.
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Shingles/substrate Model Summary

t

This solution is similar to the shingle solution, with all coefficient

defined as they are in the previous section. The integrated heat

transfer is different, and is:
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Appendix II - Program Listings and Operating Instructions

Below are shown the listings of the tank design/ insulation analysis program

used «, ith the NOAA tune-sharing computer located at NBS Boulder Laboratories.

The final version of this program, designed for use on a large batch processing

machine (MSC Univac 1103) has superior diagnostics and runs much raster then

the version shown. Hence it is recommended than all. interested users contact

the contract technical monitor if they desire to use the program.

Basically, thefunetion and relationship of the programs shown here have been

described earlier in 5.2.4, so only the operation of the program will be

described here:

As the program is entered, the computer requests that a mode number

specifying the type of run be entered. The entry of this number which is 1 if

one wants to design an individual tank, or 5 to automatically generate the tankage

of this report, insures that proper linking of programs will occur during

execut ion.

After entry of this parameter, the machine asks for entry of the following

parameters, printing some results after each entry. This interactive entry

allows the designer to modify his thinking as the design progresses. The

results generated are those shown in the tables of section 5. 2. 1.2. The

input variables are:

4
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fluid volume

ul.lage

tank type (sphere, cylinder)

maximum spherical radius

tank materials

maximum tank pressure

fluid type

support length

cool down time

fill time

fill pipe length

0	 vent pipe length

use pipe length

fill pressure drop

vent pressure drop,

use pressure drop

:nsuiation type
I

insulation thickness

p
11-2
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AXC	 PROGFArl /Tr!/

Ctlf r`i0N f'i0^E,VF ,(lL,1l,TT,R,AHS,ACYL
1 ,TI:CYL,T!-:110,Pr''X,i''AT,DErI, ID,WF,''Jl -
2,NllM,DTN,DOT,^,L
3,DT,FPL,i1Pl_,IIPL,FPSZ,FPTF!, 	 •
411PS7,VPTI!,UPS7,l1PTl!,IIT,AL1C,AL2C,AL3C, I,"1,TFlTr.
5, AL1 H, AL2H, AL3H,T,TH, H1 , I,2, H3, H4, H5, I lG, AKYl , A{<Y2, AKY3, AKX -1 , A;<X2, AKX3
G,Oi^1T,^1,DPIS0 9 AI<,EGH,WI-I,WC IQ,TSB,QCH
19Ir!1,IN2,N-13

FORr'^AT( F10.5/)
GO TC(1,99,1593),h10DE
TYPE 10%

rNG	 F0Rr•'AT(":10DE ....................	 )
ACCEPT 6, MCDE

3	 FOR;'1AT( T1
TYPE 10,01

001 FORMATO)INSULAT TO"•1 TYPE: CONT. WRAP = i^/
1	 S	 F IOERGLASS =2;^/
2	 i EVACUATED	 SHINGLES	 =.,a/
3	 NET SPACED:	 OLANKETS	 =43/
4	 4 SUPERFLCC:	 BLANKETS	 =5V
5	 SUI3GRA T E WITH	 S  IINGLES
4 31NSI ILATI0N= ;> )

ACCEPT 6,IN
TYPE 1(;;72

O 2 FO.'+`iAT(:',TNSULATION THICKNESS(TN) _;r )
ACCEPT 10,THIN

TFlV!= TH T,N/12.

593 CO^1TIINUE

1<9	 EGH=5.9E-3
IF(TD-1)534,535,534

+34	 TH-368.1,E
GO TO 536

-3-35	 TH=496.
-436	 T=T H I r•1

''O TO (20,21922,23,24,25)9IN
0	 DNIN=3.0

AK=1. OE- 5
FC=2.1
GO TO 30

1	 DNIN=1.0
EGH=6.35L--2
AK=8.35E-4
CO TO 30

2	 DrJIN=1.51

T=THIN/3.
H1- 1.5E-5/i	 ------- ---

11-3
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H2=.75C-5/T
222 AKX=2.3F-2

AKi'I = AKX	 •
AK>;2=AKX
AKX3-AKX
H3= 5. E-3
1-14= 1./(1.7E2+3.3E4 = T )
H5= 1 ./(1.7E2+6. EE4':=T)
IF( T D-1 )'{334,:1335,3334

334 7H-363.
CO TO 3336

3J 5 TH=696.
336 C01",TTI`JUE

A!<Yi =3 . E-5
AK Y2=3 . E-5
AKY3=2.6,E-5
GO TO 30

3	 DNIN=.7.,!I
A!<=7.5E-6
GO TO 30

4	 DIN IN=0`.86
AK=3.0E-5
GO TO 3

5	 DiJIf;-1.5 i
US ► 1E3=1.r
IF (THIPJ-1 .5/12. )4441 , 4441 442

`-441 T^^=1./24.
GO TO 4443

2'/'.42 TSB=1./12.
-#443	 T=(,THIf'-TS3)/?.

F:1 = 1 ./(T'-.3333E5- T,9D/.(,00035)
H2-1 ./(T :". G666E5+TSB/.000835 )
H6= .0 0935/TSB
GO TO 2222

0	 GO TO(1G; ^7 920093^/;O,4OO,4OO,300),TN
00	 UIPd-(AHS-FACYL) DfJIN"'-THTN+(AF-IS+ACYL)^-.;l1

CKT= 1 ./( T/AK+1 ./5.,!E-3 )
Q = 1.2-`2.1'^(A.CYL+AHS )*CK T =:-TH
GG TC 500
UIr,!=(A'iS--PCYL)'-D,\,!iN THIN+(AHS•IACYL)*.Ol
FKT=1./(T/AK+1./5.9E-3)
Q = (ACYL+A;lS )*FKT' TH
GO TO 500

X90	 DC=3.141592:-f^/3.
ALP= " .141592/3.

IF(DC-4. )305,Vc: ,;, 4
04	 ALP=2./P

DC=4.
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P

0

05	 5LH=".14'592' R/6.
T17 (5L1 - 1-4. )3117311,3^39

09	 SLFI=4.
TfJf,3-. :•'IFIX( (3.141592' ;'R/2.-ALP*F/3.)/SL'H-,0 i )+1
U=0.0
D0 315, T= 1 , INIM

W-^'-:3.141592'''R '(STr,(ALP/3.+f LOAT("-1)*8./(6.k:R )
1+r TN(ALP/3. +F L0AT( I)='4./(3.= R)) )

IF(T-2).7.15,314,315
14	 W12=1,1
i 5	 CONTTN lE

RO T0321
161	 Irlm '; =I'TFIX( (3.141592"-R/2.-ALP }'R/3.)/SLH-.01 )+1	 u

U-=o,0
DO 320 1-1 7 Ir,tPl
L1=U-t:'.141592 '^R*("iN(ALP/3.-+-FLOA T (-1 )'3'3.14i592/1E3. )

1- IN(/',LP/3.-,FLOAT(I )'3.141592/18.) )

19	 L1 11 2=U
21	 CCNTINUE
21	 SLC=ACYL/(2.'-3.141592'R )

IF(SLC-4.)31293121311
11	 SLC=4.

12	 UH=2.':'ll-U12
!JC	 YL/SLC
A L 1 ^;=SLH/3 .
A'- 2 H=2 . *A L 11-1
AL"jH=7.=IALIH
AL1C=SLC/3.

AL2C=2 . 'AL1 C
AL3C-7.*AL1C
Q = .^4q` .0F33/THIP1+' .14159'•'DC 4 A3<Y3' 1 'TH/(1 E3. =! 'THIN )

^JTP1 = T HIP.'^'(F.CYL-I-A^iS)=='D!^)IN+(^CYL-^-AHS )'^'. ^ i +THTN'i`DNIPJ'^'

1 (ACYL/(2_. =! '3.14'1592- =R}-+3.1415^2' rR)/1 .2
IF(TN-0500p329,500,

29	 UIN= (ACYI_+ II5) '(DNIN'-T[ITN+D.91.!B*TS0+.o11 )
1-i-THIN':-DP,!IN^:,=(ACYL./(2.*f .141592*R)+3.141592*R)/1.2

GO TO 507 07
DC-3. i 41592':'R/3.
ALP=3.141592/G.

IF(GC-4. )'02,402,451
y;01	 ALP=2./R

r)C=4.
0LH=..141592^`R/6.
IF(5LH-4.)430,430,403

`03	 BLH=4.
,30	 INFF IFTX	 141592*R/1.-ALP*R}/BLH -.01 )+1

3ET=8LH/R

0

1
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1

.4

U=4.
TUi-i=rl^ . r^

BL S
B LST=!1.0

fJ0B=0I
00 415 I= 1 9 MM
WL=3.141592-:-R =i: (" Ifd(ALP+FLOAT(I-1) - : BET) F''IN (ALP -iFLCAT(' )*SET) )/8.
IF(!j!-WL)407,408,400

	

0	 U-'•,L

	

7	 TUH=TWH-,lJ
3LS = BLS+' .141592 :::2,o R ::: (FLP+FLOAT( -1 )-i BET )
6LST= BLST+TFIX(3.141592'-R --(^It1(ALP+FLCAT(T-1) (3E T )

1+r IN (ALP+FLOAT( T ) =^-r-,ET ) )/W -.01 )+1
NO9= PjO3+iFTX(3.141592*R*(' - IN(ALPd-FLOAT( I-1 )'BET)-t-SIN(ALP+F LOA-(T),*BET) )}

1 /w) +'
W =4.

	

;;10	 COf;TINUE
BLS=^LS+PLH:!'DLST
BLS-2.'"LS
SLC= ACYL/(__ .1415S2^:-2.*F )
IF(BLC-4.)431,431,432

	- :32	 6LC

	

-31	 BUC=3.U1592 R/4.
IF (OUC-4. )433 , 433 , 434	 T

	

ff34	 BUC=4.
r

	'33	 ALC = ACYL (3.141592- ::R*2, )
LLS= i3LS^-ALC' (IFTX(3.141592' R/PWC-.O1)i-1 )+3,141592' 2.*R*(TFIX(ALC/CLC

1-41 )+2)
IF (TT-1)4389439,438

	

7;`38	 ^108 =2- •̂ 11 103-i-(IFIX(3.141592'^2.*R/13WC-.01 )+1 ) Y ( FIX(ALC/5LC-.0'i )+1 )
1+2
GO TO 450

	'`39	 NOB-2 = "'O8+2

	

50	 UINI= (ACYL- AHS )= (.01+THTNFIMTN' : 1.05 )+4."'FLUAT (NOB )
TGK=1./(T/AK-;1./5.9E-3)
Q= 1.2" ( r•CYL+AHS)=-TBI<'"fFi+,^JS'^=.083*BLS/T
AUK= (TI,JH/FLOAT( T P,M)+BLH)/2.
AUC=(BLC+EUC)/2.

	

+00	 TYPE 20019WIN
001 FORfiAT(`?INSULATION WEIGHT =U^,F10.2/)

TYPE 2002,Q
•702 FORE iAT("PARTIAL Q=a,E14.4/)

CHAIN (/GD/)
END

C^
II- 6



A>;C PROrRAP•I /rD/
COFMIN	 FIODE,IIF,UL,U,TT,R,A1!S,ACYL

1,TI-ICYL,TIIHD,Pi X,f^AT,DEN,ID,WF,WT
2, P1UM901IJ,DOT,SL
3,DT,FPL.UPL,IJPL,FPSZ,FPTH,
4UPSZ,UPTH,I;P9Z,UPi Ii,UT,AL1r,AL2C,AL3C, IfJ,THIN
5,AL1H,AL2H,AL3H,T,TH,H1,H2.113,114,H5,H6,AKY1,AKY2,AKY3,AKX1 ,AXX2,HI^X3

DNTN! ,D 1.1S69AKIEGH,10H9UC,Q9TS6,QGH
7 , TNI	 1,1 '2, IN's

GO TO(:',,73,73),FODE
TYPE 999

K99 FORMAT( MODE	 ......................=:r)
ACCEPT 6, RODE

3 FORFIAT(fl/)
;3 :GO TG(20 7 30921,21,21 9 40) 9 IN	 .
0 IF(IC-1)21,22,21

GO TO 51
2 GHK=.0546

GO TO 50
1 C.H;;=	 17

1 RGI!=T/GI iK
GO TO 55

P,GH=T/.011107+TSD
4.5 TI=.05"• TH

HP= 5.57 :;: (U : ' = * : .166666 )
TF(TH—TT)69,71,71

39 DLT=—(`rH"71T'--*4+TT	 1./RGI_I-1-!P	 (TT—TH) h .25)—Er,H*TH	 +HP	 TT—TH} *.25*TH
1/(4. `1-C.H'=TI::^:3-1.1./Rr,H—HP = (TI—TH)**.25+HP y (TT—TH	 75)
2'=(TI—Ti-I)/4. )

GO TO 72
;1 DLT--(El,H'=TT-: ' :4+TI'-(1./P,GH+HP 4= (TH—TI )**.25)—EGH^7 'H**t—FIP Y (TH—TI )**.25-i-T H

41/(4. ! EGrH ,71' :*3+1 ./RGH-I-HP *, '(TH-TI )*-)-.25-HP* (TH-TI )**(-.75)
2 =: • (T I-TFI) /4. )

;2 TI=TT+DLT
IF((DLT/TT)' =2-.1[r^11)1^,1^5^i,7^

00 QGI 1= (ACYL+AHS )'^:TI/RGH
TF (•' D-1 )101 9112,111

01 r Hi<P-.27
GO TO 113

02 GHKPr.23
3 Q G HP= r/j 10

DO	 121	 I= 1 ,NUf•1
QGHP= DGHP+GFil<P*17.141592''-rIN*(DOT-DI!4)*-TH/ (2.":(cL+THIR!) )

20 COPITIN[JE
GHKP=6.5
QGHP= PG,-!P- •-GHf<P--3.141592 -̂fH'-(FPSZ"-FPTH/(FPL+TFII^:)+UPSZ*= fPTH/(UPL+THIN)

1+Upsz:"IIPTH/(UPL+-HIP!)+.5' .032/(P+THIN) )_

22
IF (U-5000. )125,125,122
QGF;P=nGHP+.5''.1321 (R+THIN)

25 QG!fi-01:H+QGHP
TYPE 2j00t (nGHP,QrH)

000 FORP"AT(.">QPEN(GH) =",F1O.3,;^	 Q	 GRD.	 HOLD=S,FIO.3/)
CHAIN (/P^d/)

r END
H-7
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0

AX--	 PR0GRAf•1 /P N/
COi-if •i0 pJ ('MODE,VF,UL,V,IT,R,AHS,ACYL

1,THICYL I THHD 9 PIF X, f,AT10EN,ID,WF9IVT
2 , NUf^ , f^ I fJ , DOT, S L
3 1 0'f,FPL,V, L,UPL,FPSZ,FPTH,
4''PSZ,UPTH,UP57_,UPTH,UT,AL1C,AL2C,AL3C,IN,THIN

S,AL11-I,AL2H,11L3H,T,TH,y1,ill,H3,H4,H5,H6,AKY1,AKY2,Al<Y3,A[<X1,AKX2,AKX_3___
6,Di','Ir'1901"]SC,AK,EGH,liIH,WC,Q,TSB,QGH

7,IN1,IN27IN3

TAN(XXX)= SIfJ(XXX)/COS(XXX)
GO TO(,3,73,73IMODE
TYPE 999

K99FORFAT("h'ODE ................. ......._ )
ACCEPT r),r1CDE

3	 FORM T(T1/)	 A
CONTINUE

GO 70(1l,20j30j40,501,30),IN
PN=1234.567
PD1=1350.
P02=401.
P11-11=65.

PH2=5.17E-
PA= l3W5.'7^EXP(-14.3 )
PQ=—.00438
GO TO 1 00
PN=12000
PLNJ=t;

PD1 = 5 O.

PD2-50.,
P.11=5fa^.
PH2= 5. 17E-9
PA=348.*EXP(-12.)
PI=—.003
GO TO 100

¢	 PN=804.
SLC=ACYL/(2. :;:3.141592" R )
IF(SLC-4.)312,312,311

1 i	 C-LC=4.
12	 PLN=SLC

P01 = 274r,10.

PD2=-.E-5

C:)

0
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C.)

PH1=1.E6

PI-:2-5.17&_9
PIA =— 40..' FXP(-16.862)

PQ=-,^hfJ'438
GO TO 100

; 
a

P N= 6011.

PD1=10000.
PD2=400
PH1 � s00. .
PI-12=5.17E-9

Pn,=_,rjI'l438
GO TO 97

-1 P"1=396.
PD1-1^`00'j01.
PD2=400,
PH1-50501h.

17F-9
1.PA-348. `-EXP(-16.862_ )

PCB=—.00438
° K7 RLC=4.

P.IJC =3.141592':: R/4 .
IF(SUC_4.)433,433,434

r-34 BWC=4.
33 PLN= .25'- (3WC+13LC )

00 PF-1.E-5
PR=2.22E-3
PT=1501.
PO= 10.
PA=r'ICYL,AHS
PDL=0.0
P5=1.
PD=.01 :c C 	 . (PH2 )

50 PDL=PDL-f-PD

IF(PS-,:(PH2/(SQRT(PD2)'PDL)—TAN(PDL/SQRT(PD2))))300,300,250
00 Ps=_ PS's (-1 . )

PD=— . 5':=P0
IF ( (TA f1(P0L/SQRT(PD2))—PH2/(PDL' SQRT(P02)))'^*2—.0'000001)35 `,350,250

• 50 PGL=0.0
P^=1.
PD=."1''"QRT(PI-i1)

51 PGL=P^,L-+-PD
IF (PS =:= (PH1/(^-QRT(PD1 )' PGL )-TAN(PCL/SQRT(PG1)) } )301 ,301 	 251

01 Ps=PS`=(-1. )
PD=-.S-'PD

51
IF ( (TAB•; ( PGL/SQRT (PC1 ) )—Pi'1 /(PGL .IC QRT(PD1)) )**2—.000000 11 ) 351 1 351 , 251
PL, =SrRT(POL';?:2+PGL : -;-2 )

TI= 1./PQ':-ELOG(PO*1.E-5'^(PL(" =rs2+PQ )/(PN`PR*FT'^PA) )

II-9
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.0

0

ITX=-ELnG(l E-5)/PLrl: ' :-:--2
TF(TT-TX)850,911,911

CSO
KI 1	 PG1:-;—FQRT(P I) I':-r)C2/(PDL::--::2:':PGL':z::-2 ) )"STN(TH I

.
::S T f,,' (PU!"CORT (PrL::-:2/PDl 	(THI rl/2.+.25*SORT (PP, 2/F3 CL--4'--2

2 1 N (2. `-fH I N:--n RT (PDL:"*-:-2/PD2 	(PLNI/2. +. 2,5`5 Q RT (PD I /PnL-rz;-2
3-:-SIN(2.:::PLN*"SORT(P^,L'-' -2/PD1

PF I= r)F- (PA:::tr)R"'-PT/PO)--:- (-PP:*-LXP (PQ T I ),/(PLr•:;---:-2+PQ

':-7-2-:-EXP(-PLr-"^Z*2-:-Tl)/(PQ-::(PQ-i-PLri':^2 ))+PN":EXP(-PLM.*"'2`r-lI )/PQp [,^ ,^-p L N, - --	 I	
i

2-PC':-C-'XP(-PLI-1- -:-2*Tl)/(PA':'PR:',:PT) )-:-PB1

P,:-TT=-PA'-'PR-:'-PT;"Pr,l/PO"'(-Pfi':Pr,l--:EXP(PQ*TI )/(PLP!`-*2+PQ

1-	 'E"P	 ----`T I /PQ'PLM- *--::4:::Pr,^l'^-EXP'^'-PLF,'"*--2' -':-II)/(PQ;'-(PQ^-PLP"i**2) )-PN"i:PL,"',**2> A

2+P1' ;PLr,1F :z:z 2-:-EXP (-PLr1"---*2*T I)/(PA>- :PR1-"PT)
DTI=-Pr-T/PFIT
T I :=-"' I +DT 1

( r T I/t, I) "'=2- . 000V'-' 2 )1000 9 911 , 91

('0 TYPE 2,", 1 2 9 T 1
0 2 FOMAT(s')P. D. TIME=a,E14.4/)
X9999 TYPE 999

ACCEPT 5,,r, l̂ODE
CHAIN (/IT/)
END

I A
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0

n

AX	 PRnGRAM /IT/
COf f'i0N fiOi,)E,VF,UL,V,TT,R,AHS,ACYL

1 ,T ►-;CYL,THHD,Pf ,1X,NlAT,DENJ, ID,WF,WT
2,NUM,DINJ,DOT,SL
3,DT,FPL,VPL,IIPL,FPSZ_,FP7H,
4VPrZ,VPTI.,UPSZ,UPTH,UT,AL1C,AL2C,AL3C,INJ,THTN
5, AL1H,AL21!,AL3H,T,TH,H1,1;2,H3,H4,H5,H6,AKYI,AKY2,AKY3,A!<X1,AKX2,AKX3
6,DNJINJ,DfJSB, AK,EGH,WH,WC,Q,TSG,QGH
7, TNlI IN2 I Tr\,3

3	 FORMAT(T1/)
IF(PIODE-3) 71 9 10,3
TYPE 999

K99 FOPMAT (,Ir+OnE . . . . . . . . . . . . . . . . . . . . .
ACCEPT 6, fi00E
GO TO(1,1,105,5,9055),MOOE

K055 ":ODE=3
TYPE 1001

001 FORf,AT("W=y;j )
ACCEPT S,VF

O
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TYPE 1 00 2 	.
ACCEPT 6,UT

0^2 FORIIAT (: ! J1= ;i )
TYPE 1013

O^3 FOWIAT(3THIN_^)
ACCEPT S,THIN
TYPE 1 X04

Q1 0i4 FORi•iAT	 TD=,>)
ACCEPT 6,ID

•	 T YPE 1
00 5 	 FCF,i iAT(;:IN=rS)

ACCEPT 6, IP1
C	 F0R^AT(F10.2/) 	 3

CHAIIN (/TK/)

ID=1
UT= . 5

VF=400 "
IN1 =Gl

IN2=0

IN3=0
.CDE
CHAIN

0	 IN1= TPd1-1
GO TO(1^3;5,1^`1,12,13,14,15,16,17,1^E3),IN1

00	 Urr= 500.' .
GO TO 11¢

01	 VF= C-100.
Co To 110

02	 VF=6rOI.
CO To 1-, o

03	 VF=100, 0 t.
f0 TO 11¢

04	 VF=12 `00.
IF(ID-2)110,199,110

99	 IINI=IR

GO TO 11,0
v5	 VF=150001.

rC TO 110

06	 VF= 210!10. .
GC TO 110

.7	 Ur=2601.
CC TO 110

08	 VF=32r^ 30.
GO TO 110

09	 UT=216;1.

Gu TO 200
IN1=IN1+1

II-12
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CO TO(201,2r2,2{:3,2 4,205,206,207,2,r^,0,209,21^:,211,212),?N1

GO TO 220
02 v F *= ,~'._ 4

GO TO 220,

GO TO 220
04 VF=105.

GO TO 2-40
05 VF=210

GO 70 220
06 OF=500.

GO TO 220
} 7 V F	 1 Olrlr,.

GO TO 220
08 UF-205">0.

CO TO 220
09 VF= 3 00 g.

GO TO 220
10 VF=400rY

GO TO 220
11 Vr=510r.

G0 TO 220
12 10= .* c+1

IF(TO-3)215,3009215
iO3 CON. —1 INLIE

SHORT TERM
20 CONTINUE
LONG TERM

CHAIN	 (/T!<)
15 GO TO 7

CALL EXIT

EidD
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C	 f=l?'',1GRAf•1 /TK/
U..^710fJ f1GDE,UF,UL,U,IT,R,AIIS,ACYL

1 , T HCYL,7HF'D,Pf iX,f1AT,DEf!, ID,WF,WT
2,fJilf11,DIN DOT,SL
3,DT,FPL,UPL,I;PL ,FPSZ,FPTH,
4UPSZ.,UPT! i,iJPSZ,SIPTil,UT,ALIC,AL20,AL3C,IP!,THIN
5,AL1n,AL2I1,AL3H,T,TH,1-11,H2,H3,H4,H5,H6,AKY1,AKY2,AKY3,AKXI AKX2,AKX3
6,D: if^1,Di;S3,Al<,EGFi,WH,WC,Q,TSB,QGH
i , If!1 , iN2, IN3

GO TO(? 177,7138,7138),FIODE
137 TYPE V;:;	

IACCEPT 11 ,f10DE
TY^E i 11*'I
ACCEPT 1;1,UF
TYPE 1r102
ACCEPT 10,UL

+	 TYPE Iii03
ACCEPT 11,TT

0	 FGRr-,AT( F1 N .5/)
1	 FORMAT('1/)
0' D0 F ORi1AT(^`P.RURAf•1 f'iODE	 ............ ._^ )
;1x11	 FORMAT(`-FL 1 IID UOLUl1E	 ..0000. , ....._ )}
;702	 FORE-^AT( aULLAGE (;^)	 ..........._ ^ )
003 FGRNAT(;`TAI"^!K TYPE :SPHERE 	 =15^/

2	 Id CYL T. I^!DER (HEMT—HEADS) =2^/
4	 TANK TYPE	 .000000.0000 =a)

004 FORMAT("MAX SPHERE DIA . ............_^^)
005	 F ORf"AT( JMAXIf'1Uf'1 L/D	 . 0 .........._:: )
006 FORMAT( `)MAX. CYLINDER DIA. 0 . 0 0 0 0 . 0 . = :r )

GO TC 7139
13E3 UL= .1

IF(U-5f J. )"1123,7123,7124
;123 IT=

GO TO 7 125
;124 IT-=2

ALG=4.
U= 1 .1:'-VF
R = (U/( ""1.3333.i k3.141592) )Y*.333333
IF(2. =:: R— a. )290929x7,209

;125	 Df•1=33.0
}	 ;139 U=(.^1^11L-1.^^)^UF

GO TO (110,2"O) .IT
00	 7'TODE-3)1111,1011,1101
101 TYPE 10 14

ACCEPT ij,DM
011 R=('i.^"/(4.*3.1415921))**-.;333333

II-14
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A-6.M"-3.1415921* ^R
AHS= A
AC YL-^R . 0
AREA=A
IF(R-D ./2.)1ry 5,105,1 2

rh2	 r•;CDE=1
TYPE 2t^G^;S

0; lj0 FCRr •iAT(	 DIAr;ETER''^`^';*'«'K^'E^'
r; 0 TO 5

05	 TYPE 2(5(11 , (R, A )
001 FORFATC SPHERE	 R=a,F11.5,a	 A=P,F1O.5/)

GO TO 500
0 0 	 CONTINUE

TYPE 1005
ACCEPT 109ALD
TYPE' 1ri i6
ACCEPT 10 Df•UC
RT= (3. :U/(4.';=.= .1415921) )'^' i .33333333
IF(RI-OF- IX/2. )213,2 (J5,2(•J7

^'3	 R=RT`.9
AL= (U--1 .333:,33 =;-3.1415921 ; R "-; 3)/(3.1415921 XR 2)
IF (At-[)-AL/(2.:":R) )20'4, 2909290 

04	 TYPE 21:',-^2
K002	 FORfiA T ('^ =- :": -** r PHERE INDICATEDY''='^**';=***V)

CO TO 100
07	 R-Dr"' /2.

AL= (V-'l .333333-:-3.1415921 *R*=;-3)/(3.1415921 ; **2)
IF(ALD-AL/(2.'='R) )209,29^`,29^I

109	 :MODE-1
TYPE 2003

003 FORMAT(	 •^"'^^'^CO^JFLTCT ^ L D DIA('iETER' y^:;<x :*>,:*^^/
GC TO 1

90
/',C1"_ =2.=;=3.1415921'^`R`^AL
AREA=AHS+ACYL
TYPE 21'•'04,(R,AL, AREA, AHS,ACYL)

•004 F CRi ^AT(•°;;-,RADIUS = :J,F i(.5/LENGTH =3,F10.5
1/:iTCTAL AREA = ^,F10.5, s HEADS =^W`,F10.5,
2:; CYLINDER = ;,F10,.5/)

+00	 CHAIN (/UL/)
END
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C	 PROGRAM AIL/ 	 •
COl"if .iON f10CE,UF,UL,U,IT,R,AHS,ACYL

1,Tl1CYL,TH1-ID,Pr--iX,rr,,t"iT,DE11,TC,L'F,W'T
2,flUf•1 ; 01N nOT,SL

3,DT,FPL,UPL,UPL,FP5Z,FPTH,
4VP 17.,UPTH,UPSZ,UPTH,UT,ALIC,AL2C,AL3C, IPI,THIirJ

5, AL11-I, AL2Fi, AL3H,T,TH, F;1 ,112_, H3, H4, H5, FI6, AKY1 , AKY2 , AKY3, AI<X.1 , AKX2, AKX3

6,DP1If;,DrJ^B , r^K,EGFI , WH,tl1C,Q , TSB,QGH

7,	 ,If12,IN"3

FOR^1t^T(F1!1.5/)
f'0 TO(i,1;^O,1593),MODE

♦ r5 r, rtTYPE i,, ,•;
r:	 Cn

ACCEPT G,fiGDLI--
3	 FGRf1AT( i/)

TYPL 1x101
001 F0RRIAT( TANK MATERIALIS	 TCONEL-X ....... -1;:/

304

GAL-4U(TI) .....
4af'IATERI4L= ; )

ACCEPT 6 ,FAT
TYPE 1012

0¢2 FMIAT(af1I,XIF"UM PRESSURE ........=;;}
ACCEPT 111,Pf
TYPE 1004

004 FGMNATUI-FLUID TYPE: 1-12 = 1, 02=25/

ACCE P T .	 6 , I 0
GO TO 100

593 f iAT=2
Pf•1= F4.7

00	 GO TO(111,1+;52,103,104),f1AT
01	 SIG=B5000.

DEN=123456769.0
Ef î-123456709.
GO TO 105

,2	 STG= ?y^f

DENT=.2B6
Ei =2.3E7
CC TO 105

3	 SIG=21('^^^^.
CEi 1= .0955
Elr,= l E7
G  TO 1 5

04	 SIG=71000.,
DEN= .164

Ef•1= 1 .6E-7
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05	 THE,, N=c'QRT( (5. =:• 14.7*1.732'* :SQRT(1.—.303-', 2) )/Ef^)*RT12.0
Ti',^ID=Pf1^R'=i2./(1.7' SIG— .2-?PM)
I F (T! .HD—THP1f; )12U^ ,12^,12r^

1	 TH;;D=TF:FiN
20	 IF(ACYL)130,130,14 0
30	 T HCYL= %^ ,l

G7 TO 200
40	 THCYL=PM::-f''^-12.;h,/( ^.85^:SIG-4rV;.6""Pf1)
01;11	 G0 70 (3510 9 400).!D   

WT=141:.^"-::(AHS :THHD•i-AC)'L=-`TFICYL)*I.2=:'DEN
;CIF= VF' =s; .410
G0 TO 500

WT=144.,J:::( t HS'-^THHD+ACYL `THCYL )' I'1 .B *DEN
UF= V F':-7 01. 8

J-00 Tl:^W7 ,AJF

TYPO 2rlrl , ^THHD,THCYL
000 FCRf'1AT( HEAD THICKNESS

1	 "[JAL'— THICK."LESS =^,F10.5/)
TYP E 2001 , (WT,UF,TW)

00 1 FCRf•1AT(`'TANl/. WEIGHT =3,F1O.2,C FLUID WEIGHT =;,F10.2/
1	 ;:TOTAL WEIGHT = ^^,F 1^i.2/)

THHD=THED) /12 .
T HCYL= T{;CYL/ i 2.

a
	

CHAIN (/ST/)

END
i

f
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l y

C	 oFi-rrpp 6r T r	 r,
CD,',,^'. r.0 E, Ir,UL,V,TT,R,AHS,ACYL

1,THC>'L,Ti p !ID,Pf^X,r • ,AT,DEr!,ID,WF,tJT	 •

2,1!U,'l,DTN,DOT,SL
3,DT 9 F PL9VPLIUPL,FPSZ,I-P7!f,
4VPS7.,VPTH,UPSZ,I!PTF1,1 IT, ALIC,ALK,AL3C, TN,THIN
5,ALI1-1 7 AL211 9 AL31-1,T,TH,Hl 9112,H3,1-141H5,H6,AKYI,AKY2,AKY3,AKX1,AKX2,AKX2
6,DNIN,1i^:S 9, AK, EGH,tJH,tJC,Q, TSB, QGH
7,1N11Ir!2,IN3

GO 70(7,73gI593),r1ODF'
TYPE 999

1;99	 FORS AT(:f100E ......................_ )
ACCEPT 6,r",GDE

3	 FORT• AT( I1/)
TYPE 100
FORMAT(, - UPPCRT LENGTH
ACCEPT 101SL
SL=SL/?2.

GO TO 73

593 SL=3.
;3	 G1=R.5

G2=3.5

E`5.4E6

ALP-10.x9
.°.ET=^5.1
IF (THCYL )200,100,200

•	 0	 r:ur-r- r
GO TO 259

00	 I1F (ACYL/(3.14i5921-"- P- ::2. )-2.5)100,2209220
Zr',, 	 PJUf.=12
50	 -PJ=UF+WT

ALP= •,A LP*-''.i .141,5921/1 GO,  .
BET= BET` :-3.1415921/1907 .

_	 A=6. G1 =:`-W/(NUf •l :!:SG-::3.1415921 •-COS(ALP)'-COS(BET ))
B-96.- :-144. "G2^I'W:!-*SL-i-' L/(NUM*E*3. 1415921-*3

1 = -00lj ( ALP)*-COS ( CET) )
TYPE 2: 10

000	 FO \F., AT( ?NUM3ER OF STRUTS =J^)
TYPE 11 7NU?•?
IF(P/A-A )111,222, 222

11	 DIN=(((rl3/A-A)/2.) =2.-B	 25
r'O TO 333

22	 DIP:= SQRT( .5y-(°/A-A) )
33	 DCT= ' QRT(.5•:=(B/A+A))
0	 FORMAT(F1`:.5/)
1	 FCRMAT('2/)

TYPE 2'901, (nTN,DOT)
001 FORf,AT( `rTRIJT I0= a,F1 .^,	 STRUT 00 = 04,1710.5/)

0.I^^_DI "VII 2.	 .

DOT=DOT/12.
CHAIN (/PE/)
EP1D
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C	 PROGRAP; /PE/
COr'lr•1CN r'iCDE,VF,I,L,V,IT,R,AHS,ACYL

1 ,THCYL,THHD,Pr-1X,fiAT,DE ^1, ID,WF,G1T
2,rJUr,Di^;, DOT 9SL
3,DT,FPL,VPL,IIPL,FPSZ,FPTH,
4VPS7,VPT!!,UPSZ,I+PT1-!,U T ,ALIC,AL2C,AL3C, IfJ,THTPJ
5,ALiN,f,L2H,AL31-I,T,TH,H1,H2,H3,H4,H5,H6,AKY1,AKY2,AKY3,AKXI,AKX2,AKX3

6,0F,II` ; ,Di'ISB,AK,EGH,WH,WC,Q,TSB pQFGH
7, T^,1 , IP'2, IN3
DTr;7''ST0N F(15),DIAN(PI),THN(81 )
DO 7393 T :7-1 "go
IF(T-2)7391,7381,7392

;381 DUN'( . )=.3V]7
TWN(' )=.(L49
GO TO 7093

;3r'2	 IF( r-3 )1 Gr,i9,160971611
609 DTAN(T) =.410

7HN( T )=.0'65
GO TO 7393

611 IF(I-4)7383,7303,7384
;383 DIAN( T )==.545

THN( I)=.x%65
C, 0 TL") 7393

;384 IF(I-5)7385,7365,7386
3C,5 DIAN( T.)=.710

THN(I )_.x'65
GO TO 7393

;386 IF(I-7)738717387,7388
;387	 DIArI( 7)=.9-2

THN(T)=.465
GO TO 7393

388 I; (T-9)7389,7389,7390
;389	 0TAi,;(T) =1.185

TH J(T)=.0165
GO TO 7393

;590 IF(	 4112)73,7341,7342
;341	 DTh'N(I)=1.53

THN(T)=.065
GO TC 7393

;'42 IF(T-14)7343,7343,7344
;343 nTAfJ( I )= i .77

TH1!(I)=.0G5
GO TC739'

;344 IF(I-17)7345,7345,7346
, ., I i	 245;345 DI" ^, ;)=2.

THru( I )= . -P 6 5
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n 	 r'

0

GO TO 7393
-46 IF(I-21)75 7,7347,7340

	

;347	 DI11P,(T)=2.71,,j'9
THN(I ) =.0133
GO TO 739

	

;7148 I1	 —26)7349,734997350

;349 DIAN(T)=-.334
T HN(I)=.583
GC TO 7593

;35^ IF(7-35)7751,7351,7352
;351 DIA 1)=3.834

GC TO 7393
;352 IF(T-34)7353,7353,7354
353 CIA"•'( T )=4.334

THN( I)=.^h83
GCS 10 7393

;354 IF(I-42)7355,73:5,7356
;355 CIA"a(T)^5.345

TI IN( I )=.1ri9
CO TO 7393

;356 IF(I-51)7357,7357,7358
;357 DIEaN (T. )=i,.407

THN' ( T )=. 1 r;9
GG TO 7393

;35° IF(7-67)7359,7359,730
59 DIAi^(T)=,;.4(^7

T} i;d ( I)=.119
GS, TG 7393

;360 IF(I-86)73619730-'197393
;361 DIAN(T)=II.842

THN (T. )=.134
;393 CONTINUE

DIAN(01 )-12_;;4.
TH"' (?1 )=12.34

F(0)=—i.5o

F (`l ) =- 1 .6:3 6
F (1 (11 )=-1.747
F(11)=-1.851
F(12)=-1.91")
F (13)=-2.t^20
F(14)=-2.072
F(15)=-2.15
CC 7 I=1,6

CO TO(3,73,906),1MCCE
TYPE 999

II—"LO
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6	

1

ACCEPT G,MODE
3 FOR-MAT( I1/)

TYPE 1000
FORf1AT("TC T AL COOL DOWN AND FILL	 TIf•.E
ACCEPT 1,1,DT

rI FOR IA -ri (>FILL	 PIPE LENGTH ........ 	 )
002 FORMAT(r'^VENT	 PIPE LENGTH

503 FOR, IA T ( LI SE	 PIPE LENGTH ..... .. . = wi )
TYPE 1001
ACCEPT 10 F P L
TYP E 1 Yj02

ACC` D T	 1ar',V,PL
TYPE 1053
ACCEPT 10,UPL
TYPE 1004

004 FGRfiAT(;'FILL	 nELTA—PRESSURE ...... = f` )
AC`'EPT 10,FPDP
TYPE 1005

5~'5 FCRf-?AT(;"VENT DELTA—PRESSURE ......_	 )
ACCEPT 1 C! , VPDP
TYPE 1056

6 FORMAT(iUSE	 D`LTA—PRESSURE .....="a)
ACCEPT 10,UPDP
GO TO 73

I<876 DT=.5
a T-- "3754 ).^,754,3754,3755

754 DT=.—'?S
755 FPL=20.

VPL=R

!JPL=R

FPCP=201.

VPDP="14.7
UPDP=14.7

nO TO(2, ,30),ID
0 DH=190.0

SS=1150.
R110=1.41P
RI 1N=.083

• GC TO(21,22,23,24),MAT
1 DSH-123456789.

GO TO 25
2 DSH=^:3.

G0 TO 25

CO TO 2.5
4 DSH=45.0
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0

c

5	 VCCIS=S..a5E-6
VCGST-7.05E-7
GO TO 40
C,1-1=c) I .  6
ss= cr,
RHO=7^'J.3
RQCG=X73
GO TO(31,32,33,34),MATi	 nSF'-123:5,6739.
GO TO 35

2	 DF;H=39.^f;
no TO 35

3	 D,; FI -7r^.f^	 Y
no TO 35

4	 DSH=41.[!,
5	 VCO5=1.26E-4

VCGST= ,.7E-6
r	 nPEw.125

DQt"= nL',I : 1T-: (RI-iG :Dli"-Vr/(FSH^,^:1T)+1.	 ':3 600. )
+	 DPEF=:Dr'E/ i 2.

FPV=DQF/(':,.1415C)2:::PPEF--;,:2/4. )
RE=F?HO'!--,PV'-:DPEF/VCOS
REL= . S686 :::ELOG (FE )
I^E= ` FIX" 2. : REL)
Tr (7RE— 15) i1 13,2223,2223

223 FF=.^r5
GO TO 1231

11:; TIRE="LCAT(TRE)
FE= (2.,'•=REL—FIPr E)'-'-(F( IRE )—F IRE+1) )+F( 7RE+1)
FF= 1	 E

231 CP= . 81 =: 'F' FPL^RH5:FPU*',-2/(62.4":DPEF^'12.)
I F (DP—F PDP) CAS , 60 , 74

DPE=DP"r+.125
GO TO 5'J'

30	 IP=TFIX(DPE/.12.499)
IF(TP-5fj') 13139131891317

'i17	 TP=O,1
310 FPSZ= nIAPJ( P)

FP T U=TI 1P,!( T  )

, N,/PE 2510, (CPE,FPSZ,FPTW)
FORP;AT	 IN1 I"+UFN, PIPE SI7E = ,F1 .5/

1N	 NOMINAL FTL.L PTPE SIZE=.w,F1¢.5/
2$	 NoriTNAL PIPE THICKNESS =4a,F1r^'.5/)

y;t;t	 DPE=.125
+00	 [,PEV=DPE/12.

VPV= r-14F/(" .141592":DPEU'=:2,•"4. )
IF (VPV—.3'-::'S )50695089.500'

6	 DPE=CPE+.125

i
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CO T 0 S0
C0`"TT"'UE
E=R'^OC -v M!	EU/UCOS
EL=	C) G%J6''`ELOS(RE)

IR:=IFI/''(2. -:RCL)
IF(TRE-15)23089231792317

307 F F= . rl J5
GO TO 2309

3r'8 FIFE= FLOA i ( RE)
FE=(2.:'-REL-F IRE)*(F(TRE)-F(TRE+1))^-F(TRE+1)
FF = 1 :",. 	 FE

K309 DP-. ri^1 ;. rF UPL' RI IOG'^ UPU^2/(G2.4^ 12.f PEU )
1F (DP-VPDP) G00, 60t 0,700

0 DPE=[.PE-!-.125
GO TO 500
IP=IFIX(DP7"/.12499)

IF( 	 )132r ,132 0,1319
X19 I	 1
72s UrSZ=DIAl!(_-P)

VP T IJ--THf;( T  )
TYPE 3.01 0,51 , (DPE,VPSZ,UPTU)

F ^^ rGRf+AT(;':filFlIf'Uf1 	 VEfJTPTPE	 SIZE =,*^,F1O.5/
1'.•	 NOMINAL VENT PIPE SIZE=,5,F1O.5/
2,.	 VE": T PIPE THICKNESS	 =`^,F1¢.5/)

7i`04 DPE:=.125
1  (f ICDE-3)7,998,399973998

990 TYPE 4,100
FORMAT (:;PERIOD OF TANK	 USE (I- OURS)	 .....=^^ )

ACCEPT 10,UT
999 DQU= UF/( UT=:":i 605 . )
04 DPEU-DPE/12.

UPV= OQI.!/(.7).141592'^DPEU* ="-2/4. )
F;E= R HO:^:L'PU='-'DPELI/UCOS
REL=.8636==cLOG(RE)
iF;E= 1FTX.(2.'I:REL )
IF (TRE-15)4703,4714,47 14

F F=
GO TO 47016

0 3 FIRE=FLCAT(TRE)
FE= (2."^REL-FInE)'-(F-(TRE)-F( IRE+1))+F( 	 nE+1 )
FF= 1^. =	FE

K,--,"- 706 CP= . 318*,:^FF'-UPL =:=RHO' : UPV''<2/(G2.4 y 12.'<uPEU )
IF (DP-UPDP) 04, 604,704

;04 DPE=DPE-;-.125
GO TO 504

304 IP= IFTX(DPE;/ . 12499)
IF('P-80)132291322,1321

321 IP=31
322 l!PSZ-DIAfJ( IP )

UP T!a-TKN ( P)
TYPE	 6^^,^,-j,(7-PE,UPSZ,UPTW)

0 FORE AT(,)'MINIf•+UM USE PIPE SIZE = a,F10.5/-
11	 NOMIINAL USE	 PIPE SIZE=0,F1-VJ'.5/

2w	 USE PIPE THICKNESS	 =w',F10.5/)
FPS7=rPSZ/12.
VPE:Z=VPSZ/12.
UPSZ= !;PSZ/^2.

. FPT1J=FPTW/12.
VP W-- V P TU / 12.
UP7':1-1J1PTU/12.
CIiAIN	 (/IN/)

E",0
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AX FUNCTION U(N)
COf+f10N	 T,R1,R2,R3,ALAf•1,GAf-I,A<<1,Ai<2,

1AKP,S,H1,H2,TFI,H,AKR1	 A!<R2,AKZ1,A1CZ2
/S^i^,GAf1(2,,;/51)DIiMENSION	 ALAIi(2,r^

Li= (!'.I<1/ALAf1(1,N))^^^^2 =^IN(ALAf1(1,PJ) TT/AK1 )

1- (AKl -:--T/ALA,' i( 1 , N) )'-COS (ALAN(1 , N) fi T /AK 1 )
RETURN
Ei;D

FI3 1'0 T %ON	 SlNH(X.X)
YY=XX
IF (XX-175.) 20 , 2f;1,10
XX= 175
COIN7INUE

5I i•11-i= 	 FXPF (XX)—EX,PF (—XX) ) /2.0
XX=YY
RETURN

FHINCTION COSH(XY.)

YY=XX

TF(XX-175. )201,2,1,10
0, XX=175.
0 CCNTINUE

COSFI=(FXaF(XX)+7-XPF(-/X))/2.0
XX= YY
RETURN

E.'.* '14
FIiNCTION OXMI,X)

IF(NU)10G`	 ,1^it1
0 IF(X-3.01)20,5tj,50
0 IF(i,+3 	 0,301,30
0 81=1 .-2.2499997`:(X/3.f;1)=" =2+1 .26562^38 T (Y./3.) :=:4

1-.3163366"W3. )':: 	 + . (1444479	 (X/3. )'•'*8
2-.011;139444' = (X/3. )'^^:1> +.r;;rh21^1^1=t ( X/3.)	 ri12

GO TO 10100
+01 CONTINUE

F0= .79788456-. 000ry fi,77^(3./X)-.0 55274*(3./X) *2
i— .01010,0 9512`:'(7,./X)'3-;-,(10137237^(3./X) `*4
2—.G^,;,728f^5^;:(3./X)' ''S+.016114476' (3./X)T=^6

THCi= X—.7fl53981C—. fv^'4166397	 (3./X)
i_.f^(1(Ji 3954' = (3./X) == := 2+,ref 262573':(3./X)-"*l
2-.001 i54125:::(3./X)=''-4-.6 OVJ2S333'-'(3./X)**5
3 -1•.M;6113550^(, /x 	 6

E3= (FO o- CCSF(Tif0) )/SQRT(X )
CC TO 10 , 1
IF(N'U-1W5 1ri,11	 ,561

1^ ?F(X-?.)12r;,15G1,15^
20 IF (X+?. )5020,136 ,130

IT-24
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31	 (3= .5-.95249935 '(X,/,3. )'^'' 2^ .214^n35'13 ` (X/3. )%^'::4
(X13.)

2-.r11"317G1 ^-(X/^.)'^^`1+.mr^4^7r^11rh9h (X/3. )'.:12

GG TO 1(,)00
CGraT.r RIC
F 1 - .7973'4 ;G; , (^( ti i^^15G::-(7 ./X) .u51 GSnGGT-^ (' ,/X).;::^:2

1 {.^irir,"i 171r';5^ ('' . /x)	 .U^r/i24^511 (' ./X) % %1`4
211.,653 :(' ./X) ::5-.r, l ,1020033 %;"(3./X	 6
TI Ii-X-2.3561944 C) .12499612 3./x)

1	 0'0Fj65Ir i' (.':.iX )` `2-.00637 3?79 (?	 ;F>
 r'^,!'174346 (3 . /X )' :4+ 00079024*( 3 /X) **5

3J= (F1' CCCF (T Hi))/SQRT(X )
RETURN
Ncor=7

GO TO 6000
;1p "COOP=8

GO TO 6000
2 rMu p= 9

3	 TYPE 566, (NOOP )
366	 FORMAT( SFAILED i!OGP = , T i

CALL EXIT
END
FUINCTTON BY(r!U,X)

0	 BY=(2. 3.1415^,26) - ', ..0GF(x12. )*133(0,K/-,.J6746G91
1+. E r;5593 GG :  ('/./3 . )`•' ^ ?-.74;;5^'t14':=(Y,/? .) =, ;1
2-.253(J117 (,X/'.) 3 G-.^42G1214 :. (X/3. ):,;;^
3+.	 ^^27916=: {X/3. )> i -.^^F'4^24f'46^ (X/3. )**12

Go TO 1500
CONTTn!UE

Fc= .797E38456-. 00 077	 5s274a<(i./x)fi 2
-. 0009512 =- C  . /x )% 3+.0r-9137237*(a

'
 /X)>:r:4

2_, ri O01 72805	 /X) :>:- 00014476,:(3/X)**6
T HO=X-.7353931 G-.0,4166397* '7 . /X )

1-. 	 ,00262573%i-(}./x	 3
2-.00 0g4i25%:-(-, .A' )' :*4-.00029333'( 3./X 	 5
3 i	 /X)' 6

n Y= (FO : sIn^F(Tilo) )/SORT(X)
GO TO 10,,101

' rh;.̀	IF(n^U-1 )5^;1r^,11^,5r1p
1	 IF(X••3. )i2r;^,15>^,15 
20	 IF (X+3. )5; 20,1301,13!1
3 I.J 6= (2./3.1415926) "-X":El OGF(X/2. )'-'80(1,X)-.6366198

1+.2212('91 ^( /;;, )^:-;:2 +2, iGC'27ri9^(X/3,)>^:4
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2-1.3164827=:^(Xl%	 G+.3123951--'-(X/3. }^
3

	

	 ^4^"` ` 976 =(X/3.)::'.4•'1 +.IO27 7'=)**1 -2= r. X
GO TO 101 00

5	 C0NTT'^ UE
F1 = .7978P456+.	 15G (3./XI I-. 1 G99G67 :1- (,,7 ./X )•^' 2

;f1171'-)f ^(3,/X):,..,.' -. 1 249511' (? /X)=^'^=4
?.	 711:.65:•	 /XP	 0f121110..) ^ (=^./X)^::^:C►

1- .11 ^;-?.a:;G1n^;^;n-1,1`l.4!?nC12'^(' ./X)
=(: ./X ):..:2- . ^637n7Q :: ( . /X 1 ^305650 

2+, (,jr'jr, 7434,3' ; ('' ./X) :::!:4+.00079024	 3 ./X )T>;:5
3-	 i^29166':(3./X)^ u

pY	 ZT(X)
G RETURN

GO TO 6000
+010 NOOP=R

GO TO 6000
-1020 NOOP=9

5000 TYPE 66j: . (?loop )
3615	 FORMAT(',FAILEU m 00n=G I1 )

CALL EXIT
K END

F Il`1C	 MN!	 BI(^1U,X)
CALCULATES THE	 AND 1 ORDER I 6ESSEL FUNCTION
/FOR3/ FILE......

, Y=X

TF(X.-3.75)2>^,50,50

BI'1.'^.51:5G229=j=X=^?+3. 	 A^?9424	 X=j="4+1.2067492^-'-C*-*6
1+,2C59732 =jY,'j =;: a . ,	 36 768^=X^`'^1 ^+, 1 	 45813	 X ' E 12	 - `-`---

GO	 TO	 1(;^^:^
-^ Mi'TINUE

0=.39894220+.01320592/X-$--. 	 j am()-3
1+.ri;(._59jG2£31^•Y,' •`(-G)-.^2h577^6=^"^C=t='j(_5)+.f^2635537=j=X^( 	 G)-2-.01647G33*X:;::.;(-7)+.	 p 392377^X'	 (-8)
IF(X-175.)691,691,591

+91 CONTINUE
X=175.

391' BI=A-'-EXPF(X)/SQRTF(X)
GO TC 10110
IF (?,U- 1 )501 11	 110'51010

1V IF(X-3.75)120,15,,150
20 IF (X ---'^ .75 )5020, 130,130
30 B= .5+, 8789; 594==X--X+.51498869'=X*"=4+ 150849' 3 4*X '=: 6 1 +. f 2 658733:: ''1, = -^8+.50301532* :X''F10+. M'34 37 2411 }:X*>-II2

3I=c>7x

s

^A

v
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50

;91
C91

000

+r^' 2
3 ^ oo
766

f^

391

39-12

fj
1 r;

• 2>r'

a

6

Gil Tn 1f'joo

 ITT NI IF	 •
:i9P rlli22i1-.Oi"'j 0(?P1024/X-.00.",6201' ` '/. ` "'(-7) I ,( Of, 1 G ig01'

1- ,[i11^^1r rJr :;: X : ,:(_!;) i, 1?.2	 ^^1?.F1^^53I2*X;;* 	 G)
2+.017 	 (-7)-. f;1 042VI V,	(-8 )

IF (x.-175.) 891 , 091 ,791
r;= 17 5
C0" 1NUE

.'I= D EXPF (X)/SQRTF (X)
X=YY
RETURN

N 0 0 P = 1

GO TO 6000
N00P=2

GO TO 6000
r'00P=
TYPE G66, (I\!OGP )
F CR'iATC.'FAILED NOOP = :.',I1 )
CALL EXIT
EIdD
FUND-Tim! SiWRj,X)
CALCULATES THE 0 AND 1 OROE;^ K LESSEL FUNCTIONS
/FORS/ FILE.........

1 F ( I ! t J, ) I n i ri ,1r;^,,10ol10,0
BK=(-ELCrF',;:/2.0) )- :-BT(r,",X)-.57721566+,4227G42 ^:(X/2.

1-1-.23069756''-(X/2. )- : /.+.034E385 g0*(X/2. ) -"- 6+.0026,2G90``(X12. )**8

Gn TO jrl:t;,,j
CnNTTNUE

9= 1 .25331414- . 7832358' := (2 . /X)+, 021695 6A =.-(2 . /X )**2
1-.01^.62446' = (2./0 - 3+.00%587872*(2./X)--*I,
2—.0025154C; v (2./X)' 'S+.00053208 (2,/X)>4'*6

IF (X-175. )69,12, 690 2, 6901
R K= j . fl

GO TO 1000
CONTIN1,1E

5K=3 -E"PF(-X)/SQRTF(X)
GO TO 1000
1F (NU-1 )501;%x,11, 7 50510
IF(X-2.0)1209151,150
IF(;'.)5020 9 5t 20 13^,)
q=v::	 uik 19A)+l+.i544:5i44'"`'X/1. J'^"'2

1-.6727S579 (X/2. )*" 4-.18156997' := (X/2. )*-'-6
2 1919451 X/2.) ``8—.r;'0'i10404*(X/2.) =+=1'0

. err''"4686Y(X/2. )=:>;:12
Et;<= c /X

C ^.

;;i
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GO TO 100'7
50	 CONTTNUE

P= 1.253'•1414=.2:;490619^^(?_./X ^-.0i3G5562;"^(2./X )=^==^2
1 - 	 ^IS^42G1^=(2./X)= 	 3_,^^ii784^..5JJ ^^(2./X)	 4
2-	 fg ^, {?_5614^^ (2./X)^•	 S-.f`,^106r;245=-"(2 	 /X )'j:::6
IF(X-175)0-0041690496903

K-0.0
GO TO 1600

3904	 CO°'TINUE
P,K= U-"' XP. (—X )/SQRTF (X )

^a;^^j	 RETIJRf'
'NOOP__4

GO TO 6000
10	 f'OCP=5

GO TO 6000
x•020	 N0,0P=6
3000	 TYPE 666, (NC0P )
360	 FONNATU)FAILED—BK N'OOP = I1

CALL EXIT
EidD

.= Ui%'CT I O^J	 0 (	 i )

COf1MON	 T,R1,1%2,R3,ALAlrl,GAf",AK1,A{<2,
IAKP,S,I-1i,H2 9 TFI,F3,AKRi,Ai<	 2,AKZ1,A1<Z2

01MENSION ALAP1(2,0/503)	 /50 ).GAM(2,0
0-((AK1/ALAf•1(1,P1))-!--"2	 TNF(ALAr, 1,N)*T/AK1)—(AKl*T /ALAfr(1, N))

1 `OSF(PLA"i(I qrj)^T/AK1) )/RF(N)
RETURN

E; D

f	 !"--TTOF'	 R,F(^i)
C0`1f Oft T ,R1,R2,R3,ALAf'1, GAM, AM IAK2,

IAKP, C, HIfH2,TH,H,AKRI,AKR2,AKZI,AKZ2
DIf'1Ef'SICiJ	 ALAfi(2,0/50),GAM(2,0/50)
IF(''-1)	 10,20910

0	 XXXX=o .0
GO TO 30

^ n^0	 XXXX=D (f;! ) '*E (1'	 -H

TERR=T—(Ai< 1/( 2.-:-ALAf,.'(1,N)))*SINF(2.-":ALAi,(1,N)*T/AK1 )
RF= (8I(('j ,ALA.f•1(i,N)''-R2)*5K(0,ALAr1(1,N) :- : R1 )

1—BI(f ,ALAf'i(1,i') 	 f^1)^;.Bi<(O,ALAf'1(1,N)*P2)
2_( AKRi' =AK1 =^`AK1/( cYA'<P',"ALAf'1(1 , iJ )'^ALAf1(1 , IJ)) )

•	 3^(—ALP.f;(1,^J)=^BI(O,ALA!'1(1,(1!)^^R2)^=E3K(i,ALAf^i(1,N)*R1)
4—ALAf'i^1	 ;;"li }=8T^1^4I g m(1,.N)*R11a^c?^^(y,,A LW-i'-1 	 N'*F'Z

5—XXXX/R1) )^"TERR/2.
RETURVII

El 'D

FUNCTTOf	 E2) (1, )
COf•1r10..'	 T,R1,R29R3,PLAM,GA"-',AK1,AK2,
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1A'<P t c;.111,H2_,TH,H.AKRl AKR2,AK71.AX72
Rfi'-IENSIOR! ALAf,1(2,0/50),GAf•1(2,
C2 =! i2' : Tl{/( f i2"T+A K7..2 )
TERR =T-(AK2/(2,ALAf 1(2,x))) )'!: ,TrIF (2.::`ALA-1-i(2, N )' :: T/AK2 )
T5= T1 ^:::Fi2/(Al<'_2/T-.•l 12 )
G2-= ((2.rjoirERR)'*(r.K2/AL^,f1(2,^J)) 	 2 (SINF(ALAM(2_ 1 N) =•-'T/AK2)-

i (ALAF,(2, N )' !:T/AK2 rOSF ( ALAf i (2, ?1'):::T/AK2) )'::(T5/T-C2) )
2/((^I (r1, ALAf1(2,^!)^-:R2'/'::f11<( ,ALAf'1(2_IN)^•:R3)
3-3ICO,ALAf•1(2,^J)' ::R3)'f31<(O ALAf'i(2,f1)^:R2)))

RETURN
END
FU'.CTION F(fl)
f 0; f•ON T 9 R1 9 R2,R3,ALAf1, GAM. ,AKIIAK2,

1AKP,G,FI1,F l.2,TH,H, Ai<Ri,AKR2,AKZ1,A!<Z2
DI'IE"r1SIGH ALAf'1(2,0/50),rAr,112,0,/5G1 )
F=((-Al<R2/f;2)'::((ALAf•;(1,1)/AK1 )^•SI^.F(A.LAf'i(2,iJ)=^T/AK2)

['GGF(ALAf^(i,i)'':T/A!<'i)-(ALAf'?(2,N)/AK2)"
2COCF(ALAf •1(2,rJ ' T/AIt2	 NF(ALAM,(1,1) :T/Alt1)))
G/( ((ALAi1(2,N)/AK2) :::2-(ALAf'1(1,1 )/AK1 )^'-:2)*P(N) )
RETURN
END
FUf:CTT.O^: P(111)
COf'f1orJ T, R1,P.2,R"z,,ALAr1,GAf'1,A1<1,AK2,

iA!<P,S,I', 1,112,Tii,ll,A!,',R1,AKR2,AKZ1,AK7.2
DIf':Ei`!SIOf: r',LAf1(2,4J/57•'1),GAf'i(2.(;il/5^)
X=T- (A1<1/(2.>:r.LAf•i(1,1)))*'-TNF(2.*ALAfP,(1,1)=•:T/AK1 i

:(-ALAf'?(1,1) %^:RT(f-S,ALAf'?(1,1 ) =:= ^1 )'::6}<(i,ALAf•1(i,1 )
1' ::R2)-A.LAf •1(1 ,1 )",9I(1,ALAf •i(l ,1)'::r2)*,rF3K(fi,ALAm(l ,1 )*R1) } =:: E("!, 1 )
2-Ai<R2':: ((-ALAM(2,N)) :::OT(U,ALAf'1(2,fI `R3)"GK(1,ALAfi(2,N)*-2)
3-ALAf.(?.,N)' :: BI(1,ALA1 (2,N)'::R2)'::BK(fh,ALAM12.NY:R3))
4' : `( (ALAM 1 1 1 )/Al< i )':=STNF(:ALAf•1(2_,f_!)=::T/A}<2) 'OSF(GLA^',(1 ,1 )' ti '/AK1 )
5-(ALAf•1(2,A1)/A!<2 ) :!:CCSF(r, LAh1(2,N )' :T/AK2 )' :: SIfJF(ALAf1(1 , i :T /AK1) )
5/(((A.LANI 2,N)/Ai<2)"'^2-(aLAil(1,1 )/AK1 ):i:y:2))
RETURN
Ef`!D
FUNCTION E(f:,M)
COf`1f1ON T,R19R2,R3,ALAf•1,GAM,AK1,A1<2,

1A1<P9S7H1,N2,TH,H,AKRI,AKR2,AKZ1,AKZ2
CIf:ErLSION ALAM(2,rj /5 ),r,Af•1(2,0/50)
E= (3IN g ALAf1(2,lN, )	 )x=81<(f^,ALf1f1(2,N)':R2)

1-oI((%,ALAf'1( ?,(^;)>;:R2)=::CIC(^'1,ALAf•1(2,f1)'::RS) )
2':: ((-ALA!'1(2,N)/AK2 : COSF(ALAN.(2,N)* : T/AK2) Y ^= INF(A LAM (I,1 )=::T/AK1)

+(ALAPI(1,,F )/AK1 } =:= `, If,IF(ALAM(2 I N)--/AK2) =-:CCSF(ALAM(1,t~i) Y:T/AK1 ))
4 11(1.':: ((ALAf'1(2,N)/AK2) ;;::::2- (ALAttii(i ,M)/AK1 )*; 2))
RETURN
END
FU.JCTION D ( f• ! )

CALCULATES D CONS T ALTS
CO(' i ON T, R1 , R2, R3, ALAI'1, CAr,1, AI<1 , AK2,

1 AKP, S , F!1 . H2, TH, H, AKRi , AKR2 , AK71 , AKZ2
CIf •1ENSION ALAf'l(2, i/50),CAfl(2,
TERR=T-(Ai<1/(2."*-ALAf,(1,^,!)))'•`SI1!F(2.$:,nLA^;:(i,^!) ^/;;1<1)
D= 2./(TERR'(BI(0,ALA.''1(1,	 ,ALAf'1(i,.'J)*R2)

4	 1 -?I(y,ALAi'1(1,N) *R2) 4:GK(O,ALW,(1,N)*P1)) )
RETURN
END
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'10,	 m.	 . A^- ;,

F U1;CTION AT9(M)	 •
CCNMO,N	 AL1,rAL2,AL3,Hl,H2,H3,H4,HS,AKYI,AKY2,AKY3,

1,AKX1 ,AKX2,AKri3,TH,T,T,K1 , AK2, AK3, {',LAf'1, GAfI

DIMENSION	 AL P ('1(3,r%jISVJ),GAM(3,O/S`/'1)

AI9= (-H2*^AK3"' • AK3/(AKY3*GAM(3,f^1)* ?.) )
1`(rOS(GAf (: 0M)*T/AK3)-1. )+(AK3/GAM( 7 ,Mi) )
2*SIN(GAM(3,M)*T/A,K3)
RETURN
Ei%D
FUNCTION AI10(M)
COMMON	 AL1,AL2,AL3,H1,t-12,H3,H4,H5,AKYI,AKY2,AKY3,

1 A.{<X1 ,AKX2, AKX 3,TH,T, AK1 , AK2, AK3, ALAM, GAfPI

DIMENSION	 r1L Afi(3,(^/S	 ),GAM(3,^/5 i)
AIIO= (H2*:AK3^'PK3*AK3/(AKY 3^GAf' (3,M)-^-^-3) )

1'•1,•(rIN(GAM(3,M)*T/AK3)-(I-,A!1(3,M)*T/AK3)*rOS(GAM(-,M)
2=T/A^<3))+(A;<3	 AK3/GA"1(3,^^ ) **2)* (cos (ra^1( 3,M)*T/AK3)
3-1 .+(CAM(7,M)*T/AK3)*C'IN( r- AM( 7 ,M)*T/AK3) )
RETURN

END
FUNCTION TAN(X)
TAN='IN(X)/COS(X)
RETURN

-^ E N D	 .
FUNCTION SINH(XX)
YY=XX
IF(XX-175.)20,20,10
XX=175.

0 CONTINUE

SINN=(E>;PF(XX)-EXPF(-XX))/2.0
XX=YY

RETURN
END
FUNCTION CCSH(XX)
YY=XX
IF(XX-175.)210,20,10

0 "",X=175.
¢5 CONTINUE

CGSFi=(EXPF(XX)+FXPF(-XX))/2.Z
XX=YY
RETURN
END
FUNCTION AT8(N,M)
COMMON AL1,AL2,AL3,N1,H2,H3,H4,H5,AKY1,AKY2,AKY3,
1AKXI,AKX2,ArX3,TH,T,AKI,AK2,AK3,ALAM,GAM

K DIMENSION ALAM(3,0/50),GAM(3,0/50)

AI2= (hl*AK2/(GAM(2,N)*AKY2))*(SINF((GAM(2,N)/AK2
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1-GAP'I(1,f`i)/AK1) }^T)/(2.*(GAM(2,N)/PK2-GAt^(1,M)/AKI ))
2-SINF((rAPi(2,N)/AK2+GAFii(1,F)/AK1 )'*T)/(2,*(GAM(2,N)/AK2
3+GAP,(1,M)/AKI )) )
4+GAM(1 ,M)/AKI/((GAM(1 ,M)/AKI )**:2-(GAM(2,N)/AK2 ) 4i *2 )
5-COS( (GAM( I , f'i)/AKI-GAM(2, N )/AK2 )>:T)'
6/(2. : (GAM(1,M)/Al!l-GAiM(2,N)/AK2))
7-0O5F( (GAPI(1 ,ir l)/AK1+r,AM(2,N )1AK2 )*T)
6/(2.>^(GAP+(19P';)/AK1+GAM(2 ,N)/AK2>)
RETURN
END
FUNI CTION AI6(f,I,P1)

COMMON AL1,AL2,At_3,HI,H2,H3,H4,HS,AKY1,AKY2,AKY3,
1A1<X1,AKX2,AKX3,TH,T,AK1,AK2,AK3,ALAN1,GAM

K	 D1P;ENSION ALAM(3,0/50),GAM(3,0/50)
AT6= ((-GAM(1 ,N!)/AK1)'i:STNH(ALAM(1,N)*T/AKI)*COS(rAr(1,M)*7/AKI)

1+(ALAM(1,N)/AKI ) i:COSH(ALAM(1,N)* :T/AK1 )* g TN(GAM(1,P1)*T/AKI) )
2/((ALAf•1(1,N)/AK1)*=*2+(GAM(1,M)/AKI)*'*2)
RETURN
END

FUNCTION AI5(M)

COMMN AL1,A1-2,AL3,H1,H2,H3,H4,HS,AKYI,AKY2,AKY3,
1AKXI,AKX2,AKX3,7H,7,AK1,AK2,AK3,ALAM,GAM

K	 DIPIENSICN ALAM(3,0/50),GAM(3,0/50)
AIS= (AKI/GAPi(1 ,M))*(GAM(1 ,M)*T/(2.*AK1 )

1-.25`SINF(2.'*GAM(1,M)*T/AK1) )
RETURN
END
FUNCTION A(N)

COMMON ALI,AL2,AL3,HI,H2,H3,H4,HS,AKYI,AKY2,AKY3,
IAKXI,AKX2,AKX3,T,i,T,AK1,AK2,AK3,ALAM,GAM

K	 DIP"IENSION ALAM(3,0/50),GAM(3,0 /50)
A= (2 .',.HS^TH )

1/(ALAM(1 ,N )AL1*((ALAI"(1 ,N)'*AKY1/RK1 )-*COSH(rLAM(1 ,h)*T/AKI )
2- HS*SINH(ALArr(1 ,N)*T/AKI)) )
RETURN
ENG

FUNCTION D(N)
COMP10N AL1,AL2,AL3,H1,H2,H3,H4,H5,Ai<Y1,AKY2,AKY3,
1AKXI9AKX2,AKX3,TH,T,AK1,AK2,AK3,ALAM,GAM

CTMENS TON ALAM(7 0 /50),GAM(3,0/50
DA=Mi.0

DB=0. 0
C = H4 :i" H/(H1+H4*H1*T/AKY2+H4)
F = H? ;i-7H/(H2+H2 y=H3*T/AKY3+H3 )
H = (-AIIV.(I)*(HI*"/AKY2-H2*F/AKY3)-Ai9(1)'*(C-F) )
IF (N- i )2^,1^,2f^
DA=C'*AKI*(1.-COS(GAN(1,1)*T/AK1))/GAM(1,1)

1+P. A. *AKY2*: '*(AK1' AK1'*Si `+(:^A('i( i , i )'*T/AKi)/(GV',,(1 1 1 ')*'*2 )
2-AKi'`T*CCS (GAM(1 , I )*T/AK1•)/rA"^(1 9 1 ) )
3+AI8(1 9 1)'*H*7 0SH(GA!"(2,1''*(AL2-AL1))/AI2(1,1 )
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--4b, ..

CE = Ai<X2* : H*AIS" 1,1 )*5TP!H(GAM(2, i )*(AL2 -AL1) )
1/(AI2(1,1 ) >̀ P-KX1 "AT 5(l 	 1,1 )*, OSH(GAM(1,1 )*PL1 ))

0 = (R A(N)-*AI6(N I l )*(-1.^-zl(N+1 ) ))
1/(A150 )*c-, INH(rAM(1,1 )*AL1 ) )+DB

P= -AKX2' GAM(2,N)*SINH(rAM(2,N)^ i: (AL2-AL1) )
-`-CCSH(GAM(3 ,1 )^'=(A1.3-A1 2 ) )
2/(GAM(3,1	 AV. (7 	 )*:( rL3-AL2) } )
3-COCH(GAf?(2,N)*(AL2-AL1))

R= -ATS(N 1 )'':bKX2',P=,-STNFI(,;AM(2,N)x (AL2-AL1) )
1/(Ai5( 1) :i-AKX1*GAM(1,1 )*COSH(GAM(1,I )*AL i ))
2-ATA(N,1 '/(AT 5( 1)*SIr,IFi(r,AM( 1 9 1 )*-AL. 1 ) )
3-AiE3(P!,1 )*P*cnsFi(CAM (12,N)} : (,AL2-AL1) )
4/(AI5(1 )*-SINH(GAf^(1,1 )*AL1) )

D= n/R
RETURN
END
FUNCTION E(N)
COMMON AL11-AL29AL3,H1,H2,HI,H4,H5,AKY1,AKY2,AKY3,
IAKXIIAKX2,Al<X3,TH,T,AKi,AK2,AK3,ALAM,CAM

K	 DIMENSION ALAM(3,0/50),CAM(390/90)
H= , . 0
IF(N-1)20,10,20

0	 C=H4'•TH/(H1+Hl*H4*T/A,<Y2+H4)
F-H3*TH/(H2+H2*H3*T/AKY3+H3)
H=(-AI1N(i)' (H1*C/AKY2-H2*F/AKY3)-AI9(1)*(r-F))/AI2(ll,l)

0	 P=-AKX2:+;GAM(2,N)hSINH(GAM(2,N)*(AL2-AL1))*COSH(GAM(3,1)
1*(AL3-AL2))

2/(GAM(3, I )*AKX3*"INH( GAM(3,1 )*(AL3-AL2)) )
3-COSH(GAM(2,N)*(AL2-AL1))
E=P-n(N)+H
RETURN
E N 0
FUil:C T ION All(M)
C01,iMON AL1,AL2,AL3,Fil,H2,H3,H4,H5,AKYi,AKY2,AKY3,
1AKXI,AKX2,A,KX39TH,T,AK1,AK2,AK3,ALAM,GA^.

K	 Yif^EN5ICN ALAM(3,0/5' ),GAM(3,/0 /50)
AT1 = (H2*',:2*AK3 -*3/(GAFP.(31hi)**?*AK`(3*-*2) )

1's(CAM(7,^1)"T/(2.' AK3)-SINE(?.*CAM("',N)*T/AK3)/4. )
2+(H2 --* :AK3**2/(GAMl 3,M)**2*AKY3))*(SI NF(CAf1i(3,M) T/AK3	 2
3+(AK3/GA"(3,M))*(GAM(3,M)*T/(2.' AK3)+-TNF(2.*GAM(3,M)*T/AK? )
4 /4 . Vj )
RETURN
END
FUNCTION AI2(N,M)
COMMMON AL1,AL2,AL3,H1,H2,H3,H4,H5,AKY1,AKY2,AKY3,
1A1<X1,AKX2,AKX3,T ,T,AKI,AK2,AK3,ALAM,GAM

K	 DIMENSICN ALAM( .0/50).GAM(7.0/50)

-32 



0

J

AA11=(H1 '-H2 `AK2 =i:AK3/(CAF1(2,N) fiGAM(3,M)*AKY2':AKY3 ))
1 ^^(;IPJF ((GAF1(2, N)/AK2—GAM('{ , M) /A,K3 )* . l
2/(2.*(GAf^(2,N)/AK2—CAM(3,M)/AK3) )
3 — S TNF ((GAFi(2, P! ),/„F^2+GAf1(:^, M)/AK3 )'= T )
4/(2.:I(GAM(2, N)/AK2 +GAfi(? ,M)/AK3)) )
AI2=AAA

5-+-(ii2-:AK3/(GAF1(:),M)*AKY3))*((,AM(3,M)/AK3
6/((GAF1(3, f1)/A{C3)'^:::2—(GAFi (2 , N)/AK2)*x2 )
7—C OEF ((GAf', (3 , M)/r, (3—CAM (2 , N) /AK2 )'*T )
8/(2.'( GAM( .' , M)/AK3—GAF1(2, N)/AI<2) )
9-cosF((GAfr(:S,M)/AK3+GAM(2,N)/AK2)>^)
1i(2.-(GAM(7,M)/AK3 +GAF1(2,N) /AK2)))
5+(F-11 -AK2/(GAM(2,N)'*AI<Y2))*(cAM(29N)/AK26 11t 

GAM(2 , N) /AI<2 ) Y`-2— ( GAM(:, , r°)/AK3 )'* >-2 )
7—CCSF((Gr-^n1(2,N)/A<<2—GAM(3,^1)/AK3 )'*T )
8/(2.":(GAM(2,N;/AK2—GAM(3,f-1)/AK3))
9—COSF((GAM(2,N)/AI<2+GAPI(3,M)/AK3)*T)
9/(2.'* (GAFY1(2,N)/AK2+GAM(3,M)/AK3)) )
"I^-SINF((GAM(2,N)/A{<2—GAM(. ,M)/AK3)*T)
2/(2.*(GAM(2,N)/AK2—GAM(3,M)/AK3))
3+c TNF((GA^i(2,N)/AI<2+GAM(3,M)/AK3)*7 )
4/(2.0'=(GAM(2,N)/AK2+GAM(3,M)/AK3))
RETURN
END

C {'
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Cor"r,0,v AL1,AL2,AL3, H1, H2, H3, N4,H59AKYI;AKY2,AKY3,
1 KX1,AKX2,A;<X3,1H,T,AK1,AK2,AK3,ALAr,,GAM
DIr'ENSIOP! ALAr1(3,w/5^),GAM(3,^u/5^i)
TYPE loolo
ACCEPT 10,AL1

TYPE 10001
ACCEPT 10,AL2
TYPE 1 0002
ACCEPT 10,AL3
TYPE 10003
ACCEPT 10,H1
TYPE 1004
ACCEPT 10,H2

TYPE 10005
ACCEPT 10,H3

TYPE 10'146
:,CCEPI iy;,H4
TYPE 10007
ACCEPT 10,H5
TYPE 1 0cl-08
ACCEPT 10,AKY1
TYPE 10009

ACCEPT 10,AKY2
TYPE 10010
ACCEPT 10, AKY;3
TYPE 10011
ACCEPT 10,AKX1
TYPE 1012

ACCEPT 10,AKX2
TYPE 10013
ACCEPT 10,AKX3
TYPE 1o^,14
ACCEPT 10171H
TYPE 10,;;15
ACCEPT 10,T
TYPE 10015
ACCEPT 11,MEIG1
TYPE 101017
ACCEPT 10,DLEG1

0	 F ORMAT(f 1f0.5/)
1	 FGM^',A T ('2/)

• 0000 FORNAT(a AL1=S)
0001 FGJRMAT( a A-12=1)
*002 FORMAT( AL3= ) )
OU 3 FGRMAT(S H1 = )
OZ04 FORMAT(	 h2=a )
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000 5 FCRMAT( a H3="t)

0O'^l6 F(1,RMAT( S H4 = -5 )
0007 FORMATS' H5=5)
0006 FORMAT(;;AKY1=S)
0009 FORMAT(;iAKY2=S)
0010 FORMAT(SAKY3 = 5)
0011 FORMAT(!AKX1=S)
0012 FORMAT(1;AKX2=S)
0013 FORMAT(SAKX3="a)
00 14 FORMAT ( :y TH= S )
0015 FORMAT ( 9'o	 T=S)
0016 FORMAT (I")NO. TN SUM=S)
0017 FORMAT(: 	 DELTA =S)

AK1='QRT(AKY1/AKX1)

AK2=SORT(AKY2/AKX2)
AK3= SQRT(AKY;5/AKX3 )
ALAM(1 , 0 )=I1.0
ALAM(2,o)=o.0

ALAM(3,0)=O.O
GAM(1,o)=ox
GAM(2,0)=O.O

GAM(-.,O)=0.0
DO 111 I=1,51

ii	 ALAM(1,T)=3.1415926*(2.*FLOAT(T)-1.)/(2.*AL1)
I=1
J=1
SCALE=AK1/T

CONTINUE

UR=3.2*SCALE
DEL = ^ .2*SCALE

+	 SIGN=-1.0
GAM( I,J ) = SAM( I,3-1 )+UP

A=(GAM(T,J)*T)/AK1
8=(GAM(T,J)*AKY1)/(AK1*H5)
n1=s TNF (A)/COSF (A.)+H
DEL=DEL/2.01
GAM( I,J)=FAM(T,J)—DEL

5	 AB=(GAM(T,J)*T)/AK1
BA=(GAM(T,J)*AKY1)/(AK1*H5)

n2=SINF(AB)/COSF(A8)+BA
IF(DLEG1 —D2*D2)201,1001,1010

0	 IF(01*D2)7,0g40g40
0	 SIGN=—SIGN

DEL=DEL /2.0
GAM(I,J)=GAM(I,J)+SIGN*DEL

5	 D1=D2
GO TO 15

0	 IF(DI)50.60.60
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+fA	 GAf'i( T ,J )=GAM( T 	 )+DEL
GO TO 35

30	 GAM( T ,J )=GAM( T 	 )—DEL
n0 TO 35

00	 TYPE 204,(T,J,GAM(I,J))
04	 FORMAT($ rAMMA u,I2,2X,I2,4X,E14.4/)

TF(J-3)123591234,1234
234 TEST1 = GAt"( T 9 J )—GA(' (I , J-1 )

TEST2=GAM(T,J-1)—GArl(I,J-2)
IF(((TEST1—TEST2)/TEST1) **2-0.0001**2)12369123691235

236 DO 1237,IKI=J,50

237 GAM(T,IKI)=TEST1+GAM(T,IKI-1)
J=50

235 CONTINUE
UP=3.2*SCALE

DEL=GAM(T,J)+liP—(J*"".1415921+1.571)*SCALE
J=J+1
IF(J—MEIG1	 )5,5,115

15	 TYPE 120
20	 FORMAT($oEIGENUALUE EQUATION 1 COMPLETES/)

J=1
I=2
HAX=H4
HBX=H1
AKYX=AKY2
AKX=AK2

11	 CONTINUE
SCALE=AKX/T
CAMT=AKX*SQRT(HAX*HBX)/AKYX
IF (GAMT*T/AKX-1 .57 )1120,1110,1110

110 IF (GAMT*T/AKX-3.141593 )1140,1130 91130
130 UP=3.14*SCALE

DEL=1.55*SCALE
INCASE=7
GO TO 140M

140 UP=(GAMT— .001) *T/AKX
DEL= 11P-1 .57
MCASE=2
GO TO 1400

120 UP=1.5707*SCALE
OE'L=1.57*SCALE—GAMT
MCASE=1

400 CCNTINUE
51	 SIGN=-1.0

GAM( I ,J ) = GAM(I ,3-1 ) +I IP

A=GAM(T,J)*T/AKX
8=(;HAX+HBX)/(GAM(T,J)*AKYX/AKX —HAX*HBX*AKX/(AKYX*GAM(T,J)))
D1 == S I iN (A) /COS (A)—B

t.
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DEL=DEL/2.
GAM(T ,J)=GAM(' ,J)-DEL

51	 AB=GAM(T,J)*T/AKX
BA=(HAX+HBX)/(GAM(T,J)*PKYX/AKX-HAX*HBX*AKX/(AKYX*GAM(T,J)))
D2=clN(AB)/COS(AB)-BA
IF(nLEG1-D2*D2)21,101,101

1	 IF(' 1*O2)31,41,41
1	 STGN=-STGN

DEL=OEL/2.0
GAM(T,J)=GAM(T,J)+STGN*DEL

6	 D1=O2
GO TO 151

#1	 IF (01 )51961,61
+1	 GAM( ,J)=GAM(T,J)+-DEL

GO TO 36
31	 GAM(T,J)=GAM(T,J)-DEL

GO TO 36
01	 TYPE 204,(T,J,GAM(T,J))

IF(J-3)2235,2234,2234
234 IF(GAM(T,.^)-GAMT)2235,2235,2238
238 TEST1=GAM(I,J)-GAM(T,J-1)

TEST2=GAM(T,J-1)-GAM(I,J-2)

IF(((TEST1-TEST2)/TEST1)**2-.0001)22360223692235
236 DO 2237,IKI=J950
237 GAM(T,IKI)=TEST1+GAM(I,IKI-1)

J=50
GO TO 1500

235 CONTINUE

'	 IF(MCASE-1 )1180,1150,1180
150 UP=3.1416*SCALE

DEL=GAM(T,J)+IIP-J*3.1415926*SCALE
GO TO 15 00

180 TF(MCASE-3)1200,119091200
190 IF((GAMT-GAM(',J))/SCALE-3.14)1194,1192,1192
192 UP=3.1401*SCALE

DEL=GAM(T,J)+IIP-(1.58+J*3.142)*SCALE
GO TO 15 00

194 UP=SCALE*(1.57+3.14159*J) -GAM(T,J)
DEL=UP+GAM(T,J)-GAMT
MCASE=1

GO TO 1500
200 MCASE=1

GO TO 1150
500 CONTINUE

J=J+1
IF(J-MEIG1)351,351,215

15	 IF(I-2)25092219250
21	 J=1

I=3

0
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HAX=H3

HE3X=H2
AKYX=AKY3
AKX=AK3
GO TO 311

50	 TYPE 2 40
40	 FORMAT($EIGENUALUES CALCULATED$/)

DO 41 331,T=1,50
TQTX= ALAM(1 , I )
TQTY=GAM(1,I)

TQTZ=GAM(2,T)
RQT=GAM(3,I)

331 TYPE 13245,(TQTX,TQTY,TQTZ,RQT)
3245 FORMAT(4E14.4/)

CHAIN (/LNK10/)
END

tL
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C	 PROGRAM SHINGLES
PART - "2"

COMMON AL1,AL2,AL3,H1,H2,H3,H4,H5,AKY1,AKY2,AKY3,
1AKX1,AKX2,AKX3,TH,T,AK1,AK2,AK3,ALAM,GAM
DIMENSTON ALAM(390/50),GAM( 3tO/50 ),SUM(50)95UM1(50)98(!iO),G(50,
TYPE 10000
ACCEPT 11,LIM
TYPE 10001
ACCEPT 11,LIMF

1	 FORMAT(T2/)
( 000 FORMAT($I)PPER LIMIT ON SUMS= $ )
0001 FORMAT($IIPPER LIMIT ON FUNC=$)

DO 1110 I-1,LIM
00	 SUM(T)= GAffi(2, I)*D(I)*S T NH (rAM(2, I)*( AL2-AL1) )

ASUP't=O.O
DO 200 3=1,LTMF
DO 150 I=19LIM

50	 ASUM=ASUM+SUM(T)*AI2(19J)
G(J)=(-AKX2*ASUM)

1/(rAM(3,J)*AT1(J)*AKX3*SINH(GAM(3,J)*(AL3-AL2)))
TYPE 12,(J,G(J))

2	 FORMAT(3,G$,5X,I2,5X,E14.4 /)
00	 ASUM=01.0

Dn 300 I=11LIM
00	 SUM1(T)=GAM(2,I)*E(I) *SINH(GAM(2,I)*(AL2-AL1))

ASUM--0.0i
DO 400 J=1,LIMF
DO 450 I=1,LIM

#50	 ASUM=ASUM+SUM1(T)*AT8(I,J)
8(J)=-AKX2*ASUM/(GAM( 1,J)*AKX1*COSH(GAM(1,J)*AL1)*AI5(J))
FKA=B(.l)
FKB= SI1M1 (J)
FKC=AIB(J,J)
FKWAIB(J,LIM )
FKI=AIB(LIM,J)
FKD=ASUM
FKE=ATS(J)
FKF=O(J)
FKG=E(J)
TYPE 13,(J,FKA, FKB,FKC,FKD,FKE,FKF,FKG,FKH,FKI)

3	 FORMAT($B$95X,I205X,9E14.4/)
ASUM= O.O 	.

#00	 CONTINUE
TYPE 10002
ACCEPT 1O,X
TYPE 10003

;1
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ACCEPT 10,Y

0	 FORMAT(F1 0.5)
0002 FORMAT($ X=5)
0003 FORMAT ($ Y--- S

ASIIM= 00.0	 I
BSUM=r^ .O
DO 5001 T = 1 , L I MF
ASUM=ASUM+A(I)*STN(X*ALAM(1,T))*SINH("LAM(1,I )*Y/AK1)
BSUPI= RSl1M+B( I )*-INH(X*r:AM( 1 , I ) )* c TN(CAM(1 , I )*Y/AK1 )
'r1 = ASIIM+RSI1M r
TYPE 14, (T,ASUM,BSUM,T1 )

4	 FORMAT($T1c,2X,T2,s(2X,E14,4)/)
+00	 CONTINUE

ASUM= I-11 ^=H4*TH*Y/(rKY2*(H1+H1 *H4*? /AKY2+H4) )
1+H4'*TH/(H1-+-H1*H4* i /AKY24-H4 )

BSUM=o1.0
CSUM= O.FA
DO 600 T=1,LTMF
BSUi`' = BSUM+D(')'*COSFI(GAM(?_, I)*(X—AL1))*((H1*AK2/( GAM(2, I)*A.KY2) )

1*cIN(GAM(2,I)*Y/AK2)+CO5(GAM(2,I)*Y/AK2))
CSUM=CSUM+E(T)*COSH(GAM(2,I)*(AL2—X))*((H1*AK2/(GAM(2,I)*PKY2))

1 -*S IN(GAM(2,I)*Y/AK2)+FOS(GAM(2,I)*Y/AK2))
T2=ASUM+BSUM+CSUM
TYPE 15,(I,AS(-IM,BSUM,CSUM,T2)

5	 FORMAT($T2$,2X,I2,4(2X,E14.4)/)
300	 CONTINUE

ASUPI=(1.+H2*Y/AKY3)*(H3*TH/(H2+H2*H3*T/AKY3+H3))
BSUM=0.01
DO 700 I=11LIMF
OSUM= BSUM-sG(11 )'*FOSH(CAM(3, I)*(AL3—X))*((H2*AK.3*C,TN
1(GAM(39I)*Y/AK3))/(AKY3*GAM(30I))+COS(GAM(3,I)*Y/AK3))

T3=ASl1M4-BSUM
`	 TYPE 16, (T , ASUM, BSUfv!,, T3 )

6	 FORMAT($T3$,2X,I2,3(2X,E14.4)/)
;00	 CONTINUE

GO TO 400
END
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AX	 PROGRAM SHINGLES ON A SUBSTRATE
CCMMON ALI,AL2,AL3,H1,H2,H3,H4,H5,AKY1,AKY2,AKY3,
1AKX19AKX2,AKX3,T[itT,AK1,AK2,AK3,ALAM,GAM
2,HG
DIMENSION ALAM(3,0/50),GAMk' 3 9 0 /50)
TYPE 10000
ACCEPT 10,AL1
TYPE 10001
ACCEPT 109AL2
TYPE 10002
ACCEPT 10,AL3
TYPE 10003
ACCEPT 10,H1
TYPE 10004
ACCEPT 10,H2
TYPE 10005
ACCEPT 10,H3
TYPE 10006
ACCEPT 10,H4
TYPE 10007
ACCEPT 10,H5
TYPE 10020
ACCEPT 10,H6
TYPE 10008
ACCEPT 10,AKY1
TYPE 141009
ACCEPT 10,AKY2
TYPE 10010
ACCEPT 109AKY3
TYPE 10011
ACCEPT 10,AKX1

TYPE 10012
ACCEPT 10,AKX2
TYPE 10013
ACCEPT 10,AKX3

TYPE 10014
ACCEPT 10,TH
TYPE 10015
ACCEPT 109T
TYPE 101016
ACCEPT 11,MEIr1
TYPE 10017
ACCEPT 10,DLEG1

10	 FORMAT(F10.5/)
11	 FORMAT(-2/)

100001 FORMAT($ AL1=S)
10001 FORMAT($ AL2=$)

0
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110012 FORMAT($ AL3 -$)
10003 FOPMAT(9S H1 -$)
10004 FORMAT($ H2=$)
10005 FORMAT(B H3= $ )
10006 FORMAT ($ 114=5)
10007 FORMAT($ H5= $ )
10020 FORMAT($ H6=$)
1000A FORMAT(SAKY1. — .eww- )
10009 FORMAT ($AKY2= $ )
10010 FORMAT($AKY3=$)
10011 FORMAT(0KX1=$)
10012 FORMAT($AKX2=$)
10013 FORMAT ($AKX3=9G )
10014 FORMAT($ TH=$)
10015 FORMAT($	 T-$)
10016 FORMAT (PIO. TN S1IM= $ )
10017 FORMAT($	 DELTA =$)

AK1=4;QRT(CKY1/AKX1)
AK2=• QRT(PKY2/AKX2)
AK3=SQRT(AKY.i/AKX3 )
ALAM(1 ,(b )=O.O
ALAM(290)=O.o
ALAM(3,0)=O.O
GAM( 1,o)=01.01
GAM(290)=o.o

GAM(3901) =O1.O
I=1
J=1

1	 CONTINUE
UP= 3.141592/(2.*AL1 )
DEL=UP/2.0

5	 SIGN=- 1.O
ALAM(I,J)=ALAM(T,J-1)+UP
A=ALAM(T,J)*AL1
B=H6/(AKX1*ALAM(I,J))
01=A—B

DEL=DEL/2.0
ALAM(T,J)-ALAM(T,J)—DEL

15	 AB=ALAM(T,J)*AL1
•	 BA=H6/(AKX1*ALAM(T,J))

D2==Aft—BA
IF(DLEG1 —D2*D2)20vlOb,100

20	 IF(D1*D2)30,401,40
30	 STGN=-SIGN

DEL=DEL /2.0
ALAM(I,J)= ALAM(',J)+C'IGN*DEL

35	 D1 =D2.
GO TO 15

0-1
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40 IF(D1 )SO9fiil960
50 ALAfI( T,J ) = ALAM( T , J )-10EL

GO TO 35
60 ALAP1( T,J ) = ALAM( T 9 )-DEL

GO TO 35
100 TYPE	 2(14,(i,J,ALAM(7,J))
204 FORMAT(rALAM	 U,I2,2X,I2,4X,E14.4/)

IF(J-3)12.351123411234
1234 TEST1=ALAM(I,J)-ALAM(T,J-1)

TEST2=ALAM(T,J-1)-ALAM(r,J-2)
TF(((TEST1-TEST2)/TEST1)**2-0.0001*-*2)1236,1236,1235

1236 DO	 1237,IKI=JgSO
ALAM(T,IKI)=TEST1+ALAM(I,IKI-1)

1237 J=S0
1235 CONTINUE	 •

UP= :7, .141592/(2. *AL1)
DEL=UP/2.
J=J-+-1
IF(D-METG1	 )5,5,115

115 TYPE	 121
120 FORMAT(SFIGENUALUE EQUATION 1 COMPLETES/)

J=1
I=1
HAX=HS
HBX=H6

h AKYX=AI<Y1
AKX=AK1

311 CONTINUE
SCALE=AKX/T
GAMT= AKX*,, QRT(HAX*HBX) /AKYX
IF (GAMT*T /AKX -1 .57 )1120,1110,111O

1110 IF(GAMT -17 /AKX-3.141593)1140,1130,1130
1130 UP=3.14i:SCALE

nEL=1.55*SCALE
MCASE=3
GO TO 1400

1140 UP = (GAPlT-.001 )*T /AKX
DEL=UP-1.57
MCASE=2
GO TO 1400

1120 LIP=1.57O*SCALE
DEL=1.57'+SCALE-GAMT
r1CASE=1

1400 CONTINUE
351 SIGN= -1.0

GAM( T ,J) = GAM(T,J -1 )+UP
A=GAM(-,J)*T /AKX
9=( HAX+IiBX.) /(GAM(T,J)*AKYX/AKX-HAX*HBX*AKX/(PKYX *GAM(T,J)))
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D1=l IN(A)/COS(A)-B
DEL=DEL/2.
GAM( I,J)=rAM(I,J)-DEL

151	 AB=GAM(I,J)*T/AKX
BA-(HAX4+IBX)/(GAM(T,J) *AKYX,/AKX-HAX*HBX*AKX/(AKYX*GAM(I,J)))
D2=-IN(AB)/COS(AD)-BA
IF(DLEG1-D2*0 2)21,101,101

21	 IF(01*r2)31.41941

31	 SIGN=-SIGN
DEL=nEL/2.0
GAM(T,J)=GAM(T,J)+SIGN*DEL

36	 D1=D2
GO TO 151

41	 IF(n1)51,61,61
51	 GAM(I,J)=GAM(T,J)+DEL

GO TO 36
61	 GAM(T,J)=GAM(I,J)-DEL

GO TO 36
101	 TYPE 204,(T,J,GAM(T,J))

IF(J- 3)2235,2234,2234
2234 TF(GAM(-,J)-GAMT)2235,2235,2238
2238 TEST1=GAM(T,J)-r,AM(T;J-1)

TEST2=GAM(T,J-1)_GAM(I,J-2)
IF(((TEST1-TEST2)/TEST1)**2- .0001)22369223692235

2236 DO 2237,IKI=J,5o
GAM(T,TKI)=TEST1+GAM(T,IKI-1)

2237 J=50
2235 CONTINUE

IF(MCASE-1 )11RO91150,1180
1150 UP=3.1416*''CALE

DEL=r,AM(T,J)+UP-J*3.1415926*SCALE
GO TO 1500	 •

11130 IF ( MCASE-3 )1200 9 1190 91200
'1190 IF((GAMT-GAM(I,J))/SCALE-3.14)1194,1192,1192
1192 UP=1.141*SCALE

DEL=GAM(T9J)+UP-(1.58+J*3.142)*SCALE
GO TO 1500

1194 UP=7-CALE4:(1.57+3.14159*J)-GAM(T,J)
DEL= t 1P+GAP^ ( I , J )-GAMT
MCASE=1
GO TO 1500

1200 MCASE=1
GO TO 1150

1500 CONTINUE
J=J+1
TF(J-MEIG1 )351,351,215

215	 GO TO (2209221,250),I
220	 J=1
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I=2
HAX=l14

HBX=Hl

AKYX=AKY2
AKX=AK2
CO TO 311

221	 J=l

1=3
HAX=H3
HBX=H2
"vYX=AKY3

AKX=AK3

GO TO 311
250	 TYPE 240
240	 FORMAT(tEIGENVALUES CALCULATED$/)

CHAIN (/Ll/)
END

c.^

0
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C	 PROGRAM SHINGLES ON A SUBSTRATE
C	 PART - "2"

COMMON AL1,AL2,AL3,H1,H2,H3,H4,H5,AKY1,AKY2,AKY3,
1AKX1,AKX2,AKX3,TH,T,AK1,AK2,AK3,ALAM,GAM
DIMENSION ALAM(390/50),GAM(3,O/50),SUM(50),SUM1(50)98(50),G(50)
TYPE 10000
ACCEPT 11,LIM
TYPE 10001
ACCEPT 11,LIMF

11	 FORMAT(I2/)
10000 FORMAT(5IIPPER LIMIT ON Sl1MS=$)
10001 FORMAT($I!PPER LIMIT ON FUNC = Si )

DO 1009I=19LIM
loo	 SUM (T)= GAM(2,I)*D(I)*SINH(GAM(29I)*(AL2-AL1))

nn 200 J=1 ,LIMF
DO 151 9 I = 1 ,LIM

150	 ASUP'1= ASUM+SUM( )*PT2(I,J)
G(J)=(-AKX2*ASUM)

1/(GAM(39J)*AT1(J)*AKX3*SINH(GAM(3,3)*(AL3-AL2)))
TYPE 12,(J,G(J))

12	 FORMAT( SGS.5X,I2,5X,E14.4/)
200	 AStlM=0.0

DO 3009I=19LIM
300	 SLIM1(')=GAP,1(2,I)*E(I)*SINH(GAM(2,I)*(AL2-AL1))

ASHM-- 11.O
DO 4009J=1,LIP1F
DO 451, I= 1 ,LIM

450	 ASUM= AStJPl+' HM1 (T)*AI 6(T , J )
B(J)= AKX2'-ASUM/(AI5(J)*(H6*-COSH(GAM(1 9 J) *AL1 )

1+AKX1'i:GAM(1,J)*SINH(GAM(1,J)*AL1 )))
TYPE 1390,00))

13	 FORMAT($B$.5X,I2,5X,E14.4/)
400	 AStJM=O.O

TYPE 10002
ACCEPT 10,X
TYPE 10003
ACCEPT 10,Y

10	 FORPA*F(FlO.5)
10002 FORMATS X=$)
10003 FORMAT($ Y=$)

ASUM=OI.O
BSUM=O1.0
DO 5009I=19LTMF
ASUM=ASt1M+A(I)*((H6/(AKX1*ALAM(1,I)))*SIN(ALAM(1,I)*X)

1+rOS(ALAM(1,I)*X))*((H6*AK1/(AKY1*ALAM(1,I)))
2*SINH(ALAM(1 9 I)*Y/AK1)+r,0SH(ALAM(1, I)*Y/AK1) )

BSUM= BSUM+B(I) *((H6*AK1 /(AKY1 *GAM(1,I)))
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15
600

16
700

0

.w.:n..`.•.	 ..brow

v

1*STN(GAm(1,I)*Y/AK1 )+CO5(G AM( 1,I)*Y/AK1 ))
2 :i: ((H6/(AKX1*GAM(1 , I)) )*SINH((-,AM(1, I)*X )
3+COSH(GAM(1,I) *X))

T1=ASUM+8SUM
TYPE 14, (I ,AStJM,BSLJM,Tl )
FORMAT(l^T1$,2X,I2,3(2X,E14.4)/)
CONTINUE
ASUM= Hl *H4*TH*Y/( AKY2* (HI +H1 *H4*T/AKY2+H4) )

1+H4*TH/(H1+H1*H4*T/AKY2+H4 )
BS1.1M=0.0
CSUM=M./O
DO 600,I=1,LIMF

A5UM=ASIJM
O5UM=BSIIM+D(T)*COSH( r,AM(2,T)*(X-AL1))*((H1*PK2/(GAM(2,I)*AKY2))

1 :^SIN(GAM(2, T)*Y/AK2 )+COS(GAM(2, T)*Y/AK2) )
CSIIM= CSUM+ r- (T)*rOSH(GAM(2,T)*(AL2-X))*((H1*AK2/(GAM(2,I)*PKY2 ))
1*SIN(GAM(2,I)*Y/AK2)+COS(GAM(2,I)*Y/AK2))
T2=ASUM+BSLIM+SUM

TYPE 15, (T ASI IM, BSUM, CSUM, T2 )
FORMAT(iST23,2X,T2,4(2X,E14.4)/)
CONTINUE
ASUI`?= (1.+H2*Y/AKY3)*(H3 4:TH/(H2-+H2*H3*T/AKY3+H3) )
RSUf'r-0.m
DO 700,T=19LIMF
BSUM7-OSU1`1+G(T)*F,OSH(GAM(3,I)*(PL3-X))*((H2*AK3*STN

1(GAM(39I)*Y/AK3))/(AKY3*GAM(391))+COS(GAM(3,I)*Y/AK3))
T3=ASUM+BSUM
TYPE 16, (I,ASUM,BSUI'1,T3)
FORMAT($T3$,2X,I293(2X,E14.4)/)
CONTINUE
GO TO 400
END
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FUNCTTOPJ A,7(PJ,m)
C5MMON AL1,AL2,AL3,H1,H2,H3,114,H5,AKY1,AKY2,AKY3,

1AKX1 ,AKX2,AKX3,TH,T,A1<1 ,AK2,A1<3, ALAM,GAM
DTMENSION ALAM(.) 90/50),GAM(3,0/50)
AX= 116'*2*AK1**2*(-GAM"(l M)*SINH(ALAM(1, N)*T/AK1 )

1 *COS (GAM(1 , M )^T/AK1)/AK1+ALAM(1 , N)*COS11(ALAM (1 , N)*T/AK1
2)*SIN(GAM(1,M)*T/AK1)/AK1)/(AKY1**2*ALAM(1,N)
3*GAM(1,M)*((GAM(1,M)/AK1)**2+(ALAM(1,N)/AK1)**2) )
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E3X-116=:-rK1 (-f;AM(1 , M)*COSi-I( ALAM( 1 , N)*T/AK 1 )
1*f'OS(GAM(1 9 M) 4=T/A1 ,;1)/AK1+ALAM(1,N)*' INH(ALAM(1,N)*1/AK1
2*SIN(GAM(1 ,M )'-T/AK1)/AK1+GAM(1 ,M)/AK1 )
3/(GAM(1,M)*AKY1 )

BY= F16 1-AK1*(ALAM(1 ,^I)*r- OSVI(ALAM( I , N)*T/AK1 )
1'i: f'OS(GAM(1,M) }=T/AK1)/AK1+GAM(1,M)*SINH(ALAM(1,N)*1/AK1 )
2*^,IN(GAPI(1 ,M)*T/AK1 )/AK1-ALAM(1 , N)/AK1 )
3/(ALAf',(1,N) i-AKYl )

AY= (ALA,M(1 , N)*S INII(ALAM(1 , N)*T/AK 1)*f OS ( GAM(1 ,M)*T/AK1 )
1+GAM(1,M)'^,CO511(ALAM(1,N)*T/AK1)*SIN(GAM(1,M)*T/AK1))
2/AK1
AI7=AX+(©X+8Y+AY)A (GAM(l,M)/AK1)**(ALAM(1,N

1)/AK1 )**2 )
RETURN
END
FUNCTION AI9(M)
COMMON AL1,AL2,AL3,H1,H2,113,H4,H!-:,AKY1,AKY2,AKY3,

1AKX1,AKX2,AKX3,TIi,T,AK1 ,AK2,AK3,ALAP^t,GAM
0TMENSION ALAM(3,6J/50 rAM(3,0/50)

AT9= (-H6"'AK1*AK1/(AKY1*GAM(1,M)**2) )
1 1= (COS(GAM(1 ,M)*T/AK1 )-1 .) } ( PK1 /GAM (1,M) )
2 =*SIN(I;AM(1,M)*T/AK1 )
RETURN
END
FUNCTION A,I10(M)
COMMON AL1,AL2,AL3,H1,H2,H3,H4,H5,AKY1,AKY2,AK-Y3,

1AKX1,AI<X2,AI<X3,TH,T,AK1,AK2,AK3,ALAM,GAM
DIMENSION ALAM(7vO/50)tnAll(3,0/50)
AI10= (H6*AK1' ► = AK1*AK1/(AKY1*f -,AM(1 9 M)** -i ))

1'*(SIN(GAM(1,M)*T/AK1)-(GAM(1,M)*T/AK1 )*COS(f,AM(1,M)
2*-T/AK1))+(AK1*AK1/GAM(1,M) **2) *(COS(GAM(1,M)*T/AK1)
3-1.+(GAM(1,M)*T/AK1)*SIN(GAM(1,M)*T/AK1))
RETURN
END

FIINCTTON TAN(X)
TAN=SIN(X)/COS(X)
RETURN
END

FUNCTION SINH(XX)
YY=XX
IF(XX-175.)20020,1Q
XX=175.
CONTINUE
S INH= ( EXPF (XX)-EXPF (-XX) )/2.0
XX=YY

n
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FUNCTION AI5(M)

COMMON! AL1,AL2,AL3,H1,H2,H3,H4,115,AKY1,AKY2,AKY3,
1AKX1,AKX2,AKX3,TFi,T,AK1,AK2,AK3,ALAM,GAM

DIMENSION ALAM(3,0/50),GAM(3,0/50)
AI5=(H6*H6*AK1/(AKY1'--k2*-GAM(1,M)**-7))*(f-,AMi,?,M)-^T/(2.*PK1 )

1-.25*r,TNF (2. *GAP1(1 ,M )* : T/AK1 ) )
2+H6*AK1*AK1*SIN(G AM( 1,M)*T/AK1 )**2/(AKY1*GAM(1,M)**2)
3+(f'%K1/GAM(1,M))*(GAM(1,M)*T/(2.*AK3)+.25*SIN(2.*GAM(1,M)
4'{7 /A K 1) )
RETURN
END
FUNCTION AM
COMMON AL1,AL2,AL3,H1,H2,113,H4,H5,AKY1,AKY2.AKY3,
1AKX1,AKX2,AKX3,TH,T,AK1,AK2,AK3,ALAM,GAM

DIMENSION ALAM(3,0/50),CAM(3,0,/50)
©=H5*TH*(H6*(1.-COS(ALAM(1,N)*AL1))/(PKX1*A LAM (1,N)**2)

1+!iN(ALAM(1,P1)'i-AL1) /ALAM(1,PJ) )
C=(gINH(ALAM(19N)*T/AK1)*(H5*HG*AK1/(AKY1^-ALAM(1,N))

1 -i-AKY1*ALAM(1,N) )+COSH(ALAM(1,N)*T/AK1)*(H5-+H6*AK1) )
2''(H6't'T2-i- (.5^: A1_AM(1,N) 4-'AL1-.25*SIN(2.*ALAM(1,N)*AL1 ))
5/(AKX1**2*ALAM(1,N)**3)
3+H6*SIN(ALAM(1,N)*AL1)4:*2/(rKX1*ALAM(1,N)**2)
4+(ALAM(1,N)*AL1*.5+.25*SIN(2.*ALAM(1,N)*AL1))/ALAM(1,N))
A=8/C
RETURN
END
FUNCTION D(N)
COMMON AL19AL2,AL3,H1,H2,H3,H4,H5,AKY1,AKY2,AKY3,
1AkX',AKX2,AKX3,TH,T,AK1,AK2,AK3,ALAM,GAM
DIMENS10N ALAM(390/50),GAM(3,0/50)
D A=0.0

' DD=0.0
C = 4*TH/(H1+1104A1*T/H;:Y2+H4)
F =H3*TH/(H2+H2*= H3-l7/AKY3+il3 )
H=(-AI10(1)*(H1*C/AKY2-H2*F/AKY3)-AI9(1)*(C-F))
IF( , '-"	 '000920

---	 10	 4P-	 'rlO(1)/AKY2+C*AI9(1 )+H*AI6(N, 1)*rOSH(GAM(2,N j

0
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FUNCTION COSH(XX)
Y Y= ?'X
IF(XX- 175. )20,209101

10	 XX=175.
20	 CONTINUE

COSH=(EXPF(XX)+EXPF(-XX))/2.0

XX=YY
RETURN
END
FUNCTION AI8(N,M)
COMM(1N AL1,AL2,AL3,H1,H2,H3,H4,H5,AKY1,AKY2,AKY3,
1AKX1,AKX2,AKX3,T1i,T,AK1,AK2,AK3,ALAM,GAM

DIMENSION ALAM(3,11/50),r;AM(3,01 /501)
AIB=(H1=i:AK2/(ALAM(2,N)4-AKY2))*(SINF((GAM(2,N)/AK2

1-GAP1(1 ,M) /AK1 )*-T)/(2.*(GAM(2,N)/AK2-GAM(1 ,M)/AK1) )
2-SINF((GAM(2,N)/A1<2+GAM(1,M)/AK1)*T)/(2.*(C;AM(2,N)/AK2
3+GAM( 1 ,M)/AI<1 ) ) )
4+GAM(1,r1)/AK1/((GAM(1,M)/AK1)4=*2=(GAM(2,N)/AK2)**2)
5-COS((GAM(1,M)/AK1-GAM(2,N)iAK2)*T)
6/(2.*(GAM(1,M)/AK1-F,AM(2,N)/AK2))
7-COSF((r;AM(1,M)/AK1+(;AM(2,N)/AK2)*T )
8/(2. -f: (GAM(1,M)/AK1+nAM(2,N)/AK2) )

• 	 RETURN
END
FUNCTION AT6(N,M)
COMMON AL1,AL2,AL3,H1,H2,H3,H4,H5,AKY1,AKY2,AKY3,
1AKX1,rKX2,AKX3,TH,T,AK1,AK2,AK3,ALAM,GAM

DIMENSION ALAM(390/50),GAM(3,0/50)
AIX= (H6*Hl*AK1*AK2/(GAM(2 9 N)*GAM( 1,M)*AKY1*AKY2) )

1*(SIN((GAM(2,N)/AK2-GAM(1,M)/AK1)*T)/(2.*GAM(2,N)/AK2
2-2.4:CAM(1,M)/AK1)-SIN((GAM(2,N)/AK2+GAM(1,M)/AK1)*T)
3/(2.*GAM(1,M)/AK1+2.*GAM(2,N)/AK2))
AI6=AIX

4+(H6' ► : AK1/(AKY1' = GAM(1,N) ))*(GAM(1,M)
5/((GAM(1 ,r1)/AK1)*'• 2-(GAM(2,iJ)/AK2 )' fz*2 )
6-COS((GAM(1,M)/AK1-GAM(29N)/AK2)*T)/(2.*GAM(1,M)/AK1
7-2.*:GAM(2,N)/AK2)-COS((GAM(1,ri)/AK1+GAM(2,N)/AK2)*T)
8/(2.` : GAM(1,P1)/AK1+(-,AM(2 9 N)*2./AK2) }
9+(H1*AK2/(GAM(2,N)*AKY2))*(GAM(2,N)
1/((GAM(2,N) /AK2 )*1'2-(GAM(1 ,M)/AK1)**2 )
2-COS((GAM(2,N)/AK2-GArl(1,M)/AK1 /̂*T),/(2.*GAM(2,N)/AK2
3-2-*GAM(19M)/AK1)-COS((GAM(2,N)/AK2+G•IM(1,M)/AKI)*T)
4/(2.*GAM(2,N)/AK2+2.*GAM(1 ,M)/AK1) )
54-SIN((GAM(2,N)/AK2-GAM(1,M)/AK1)*T)/(2.*GAM(2,N)/AK2
6-2.*GAM(1,M)/,IK1)+SIN((GAM(2,N)/AK2+GAM(1,M)/AK1)*T)
7/(2.*GAM(2,N)/AK2+2.*GAM(1,M)/AK1)
RETURN
END
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C	 PROGRAM "PAP"
PENETRATTON ANALYSTS PROGRAM
COMMON T,R1,R2,R3,ALAM,GAM,AK1,AK2,

1Ai<PvS,H1,F12,TIA.H,AKR1,AKR2,AK71,AKZ2
CTMENSTON ALAM(2 9 41/50),GAM(2 9 0/50),SUM(0/541) ALL(0/541),ANN(0/50).

101(1/5l) , A2(0/50 ),SUM1 (0/50),SUM2(0/50),A1(41/541)
TYPE 10001
ACCEPT 10, T
TYPE 10002
ACCEPT 10,R1
TYPE 10013
ACCEPT 101,R2
TYPE 10004
ACCEPT 10,R3
TYPE 10005

ACCEPT 1(1,S
TYPE 10007
ACCEPT 10,AKP
TYPE 10008
ACCEPT 10 9 AKR1
TYPE 10009
ACCEPT 10,AKZ1
TYPE 10010
ACCEPT 109AKR2
TYPE 10011
ACCEPT 10 9 AKZ2
TYPE 10013
ACCEPT 1019H1
TYPE 10014
ACCEPT 10,H2
TYPE 10015
ACCEPT 10,TH
TYPE 1¢0116
ACCEPT 1w,DLEG1
TYPE 10017

ACCEPT 11,MEIG1
TYPE 10018
ACCEPT 109DLEG2
TYPE 100119
ACCEPT 11,MEIG2

0	 FORMAT(F10.5/)
1	 FORMAT(I2/)
0001 FORMAT($	 T=f )
0002 FORMAT($	 R1 =16)
0003 FORMAT($	 R2=S)
0004 FORMAT(t	 R3=$)
0005 FORMAT($	 S=$)
0007:X50008 FORMAT($	 AKR1=$)

II-52



6

0
0009 FOR FAT (S	 AKZ1=: )
0010 FUNAT(:i	 AKR2=a')
0011 F0RMAT("I 	 AK72= )
1013 F 0 R r, A T("i 	 111=")
0014 F CRMAT (S 	 H2=S )
0015 FORMAT(S TH=S)
001 6 FORS AT(wDELTA ETG1 = , ` )
0017 FORMAT(, MAXNILJMEIG1=")
0018 FORMAT(,"DCLTA EIG2 = 400 )
0¢19 FORMAT(,^MAXNlJNEIG2=,')

AK1 = SQRT(AKZ1/AKR1 )
A1:2= 1 7.QRT (AKZ2/AKR2 )

ETr,ENUALUES "1"
J=1

f	
ALAM(2,?1	 0
SCALE=AK1/T
AKX=AK1
AKZX=A1<71
I= 1	 >
HX=H1

CONTINUE

UP= 3.2"= SCALE
'	 DEL=3.2}SCALE

+	 GIGN=-1.0
ALAfl'i(I,3) =ALAPl(" ,J-1 ) +11P

A=- LAN T ,J )TT)/Al<X

P. = (ALAf1( T ,J )"-AI<ZX)/(AKX*FiX )
D1 =r TP!F ( A )/COSF (A )+B
DEL=DEL/2.0
ALAf (T ,J ) = ALAMP ,J )—DEL

5	 AB=(ALAM(T ,J)^T)/AKX

BA= (ALAf^i(T,J)' = AI<7X)/(AF<X = HX )

D2=SINF(AB)/COSF(A8)+6A

4	 IF (DLEG1 —D2 "D2 )20,1{; 0,100
0	 IF(D1=,-D2) 0,4v1,40
0	 SIGN=—SIGN

DEL=DEL/2.(,^
ALAM(-,J)=ALAM(I,J)+SIGN*DEL

5	 D1=D2
GO TO 15

IF (DI )50, 6^1 ,60
+0	 ALAM(I,J)=ALANj(I,J)+DEL

GO TO 35
30	 ALAf-i(I,J ) = ALAM( I,J)—DEL

GO TO 35
00	 IF (T*J-1 )203 ,103, 203
03	 TYPE 204
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04	 FORMATS	 LAMBDA(T,J)	 1*i/)
03	 CONTINUE

TF(J-3)1235,1234,1234
234 TEST1=ALAM(T,J)-ALAM(T,J_1)

TE5T2=ALAM(I,J-1)-ALAM(T,J-2)
IF(((TEST1-TEST2)/TEST1)**2- 0.0001**2)1236,1236,1235

236 DO 12379TKI=J950
ALAM(T,IKI)=TEST1+ALAM(T,TKI-1)

237 J=S0
235 CONTTNUE

UP=3.2*SCALE
DEL=ALAM(I,J) +11P-(J*3.1415921+1.571)*SCALE
J=J+1
IF(J-MEIG1	 )595,11O

10	 I=T+1
J-1
AKX=AI<2
AKZX=AKZ2
HX=H2
SCALE=AK2/T
DCL=3.2*:SCALE

i IF( I-2)1,1,115
15	 TYPE 120
20	 F0RMAT(SFIGENUALUE EQUATION 1 COMPLETES/)

cl	,	 ETGENVALUE - 2
GAM(1101)=O.O1
GAM(290)=O.O
SIGN=1.0
TIT=1
R1X=R1
R2X=R2

1	 IF (R1X-R2X) 51,51,41
#1	 TA=3./(R1X-R2X)

GO TO 61
+1	 TA=.;./(R2X-R1X)
31	 DEL=TA/5.

I=1
;o	 GAf•1(TII,I)=GAM(TII,I- 1 )+TA/2

D1= BJ(019GAM(III,I)*R1X)*PY(O,GAM(III9I)*R2X)
1-BJ(09GAM(TII,I)*R2X)*DY(O,GAM(III9I)*R1X)

Co	 GAM(TII,T)=GAM(III,I)+DEL*SIGN
'	 D2=BJ(09GAM(III9I)*R1X)*BY(OtGAM(TII I)*R2X)

1-BJ(09GAM(TII,I)*R2X)*BY( O,GAM(III,I^*R1X)
IF(D1 *02)90 9 90 9 101

KO	 IF(D2*D2-DLEG2 )2000200,95
K5 SIGN=-SIGN

DEL=DEL/20'
01=D2

f.
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GO TO 80
01	 D1=D2

GO TO 80
00	 I=T+1

JJ=I-1
IF(jj*TTI-1 )201,19A,201

90	 TYPE 199
99	 FORMAT($	 GAMfIA(NU,X)	 $/)
01	 CONTINUE

IF(JJ-3)2235,223492234
234 TESTA= GAM( II,JJ)-GAM(lII,J3-1)

TFSTR=GAM(III,JJ-1)-GAM(TII,J3-2)
IF((( TESTA-TESTB)/TESTA )**2- .0001'*2)223692236,2235

236 DO 22379IIKI=JJ,50
GAPI(III,IIKI)=GAM(III,IIKI-1)+TESTA
I=90

237 JJ=50

235 CONTINUE

SIGN= 1 .
DEL=TA/5.
IF(I-MEIG2 )7007091000

000 IF(III- 1)10279101391027
013 III=2

R1 X=R2
R2X=R3
GO TO 31

027 CONTINUE
TYPE 1400

400 FORMAT($EIGENUALUE EQUATION 2 COMPLETES/)
CHAIN (/LINK1/)
END

i
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AXO	 PROGRAM "PAP"
PART ----- "2"
PENETRATION ANALYSIS PROGRAM
COMMON T,R1,R2,R3,ALAM,GAM,AK1,AK2,
1AKP,S,H19H29TH,H,AKR1,AKR2,AKZ1,AKZ2
DIMENSION ALAM(2 0/50), GAM(2tO/50),SUM(0/50),ALL(0/50),ANN(0/50)9

101( 0/50) , A2 ( 0/50 Dl ( 0/50 )
TYPE 10006
ACCEPT 10,AL
TYPE 10020
ACCEPT 11,MNL
MNLP=MNL
MNN-MNL
MNNP=MNL
MM=MNL
MMA=MNL
MMP=MNL
MNA2=MNL
MNB1=MNL
MNE31 P=MNL
MT1-MNL
MT2=MNL

0	 FORMAT(F1O.5/)
1	 FORMAT(T2/)
0006 FnRP1AT ("	 AL=$ )
0020 FORMAT($MAX	 SUM =$)
0033 FORMAT($	 R_$)
0034 FORMAT($	 Z=$)

C1 = H1 a7H/(H1*T4AKZ1 )
C2=H2*TH/(H2'1 T+AK7.2 )
G=AKR1*U(1)*D(1)*(T/2.-(AK1 /(4. *ALAM(1,1)) )

1*SIN(2.*T EA! AP1( 1,1)/AK1))*(-ALAM(1,1)*BK(O,ALAM(1,1)*R1 )
2*BI( 1,ALAM(1,1)*'R2)-ALAM(1,1)*BI(0 9 ALAM(1,1)*R1 )
3*:BK(1,ALAM(1,1)*R2))/P(1)
TERM=T-(AK1/(ALAM( 191)*2.))*SINF(2.*ALAM(1,1) *T/AK1)
H-AKR1*7ERR /(2. *P2*P(1) )
SUM (o) =O . o
UO 320 TK= 1 , MNLP
SUM( TK )= ( F( IK )*82( T K) )

20	 CONTTNUE
DO 310 IJ=19MPJL
SUMA=0.(D
DO 313 TK=I,MNLP

13	 SUMA=SUMA+E(IK,TJ)*SUM(TK)

ALL(TJ)= D(IJ)*SUMA+E(10IJ)*D(TJ)*G*(G1-C2)+W(TJ)*D(TJ)
1*(C2-C1)

10	 CONTINUE
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#1 0

307
30 3

325

323

FORf,iAT(10lX, I2, 5X,E14.4/)
DO 4107 TJ-1 9fl1NfJ
TERR=T-(AK1/(ALAM(1,I3)*2.))-STNF(2.*ALAM(1,IJ)*T/AK1)
A^'N (TJ) = ((-Ai<R1 ?'AK1'*AK1*ALL (IJ)/ALAM(1 , IJ)**2)*(TERR/2. )

(S:+:AKP-"R1 )
2+C1 :i((AK1*42/ALAM(1 9 IJ)**2)*SIN(ALAM(1,IJ)*T/AK1 )
3-AiC1 : " :T :-COS (ALAM(1 , IJ)*T/AK1 )/ALAM('i , IJ) )* (-AKR1/(S*AKP)))/RF (IJ )

COP,:TINUE
ID=69
ASUf•1=0.0
A:jUN1=0h.;
ASUf`,2=0. 0
DO 61 0 TJ=11f1M
TERi" -I, .0
IF(TJ-1 )60,3,607,603

TERM= D (1 )*E (1 ,1)*Fi
CONTINUE

ASUf•1= A511M+( AK1/ALAM(1 , I ) )^-*2
1":(-ALL(TJ)/R1+ANN(TJ)':(ALAr•1(1,IJ)*:(-BT(O,(ALAM(1,TJ)*P2)))
2 :71= 0K(1,(ALAM,(1,IJ)*R1))-ALAM(1,TJ	 BI(I,(ALAr1(i,TJ)*R1))
3-.i3K(^,(ALAM(1,I3)*R2)))*((PTNF(ALAM(1,TJ)*T/AK1)/(AL))+
4(ALAM(1,IJ)/AI<1)*COSF(ALAM(1,IJ)*T/AK1))
5-TERf1- AN"!(1 )/R1 )

CONTINUE
ASUf 1=-TH/AL
DO 630 T L= 1 , F.MP
TERt1=0.0h
IF (TL-1)623,625,623
TERM=D(1)*0(1)*E(1,i)*H
CONTINUE

ASUM2= ASI1M2+(AK1/ALAM(1 , IL) )**2*(-TERM/R1
1+O(TL)' (-ALAM(1,IL)':f3I(M,(ALAM(^,,TL)*F2))*BK(1,(ALAM(1,TL) *R1))
2-ALAM(1,TL)`-BI( 1,(ALAM(1,TL)': - r1 ))*Bi<(tl,(ALAf,I(1,IL)*R2))))
3 -((1./(AL))x-SINF(ALAM(1,IL)^i`T/AK1)+(ALAM(1,IL)/AK1)
4*(7OSF (ALAM(1 , TL)*T/AK1) )

CONTINUE
Af•1= (AKRI* :ASUf ,1/(r-i:AI<P)+ASUM1 )/( -1 .-T/AL-AKR1*ASUM2/(S ;i=AKP) )
TYPE 637
FORMAT(;FUNCTION M CALCULATEDS/)

DO 710 ITJ=1,MNL

A1(ITJ)=ANN(IIJ)+O(-IJ)*AM
COINTI^JUE

TYPE 712
FORMATS FUNCTION A1(N) DEFINED$/)

DO 451 TL=I,MNA2

A2(IL)=cUM(TL)
CONTINUE

A2(1)=A2(1)+H*A1(1)+G*(C7-C2)

0	 31 0

3301

337

;10

;12

#51

n
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TYPE 452
#52* F ORPIAT ( vFUNCT I ON A2 (N) DEFINED$/)

Asur1=0.0
DO 510 IJ=19MN81
81(TJ)=ALL(IJ)+D(IJ)*E(1,IJ)*H*A1(1)
ASUM=0.0

+09	 COPS ,-INUE
+10	 CONTINUE
2123 CONTINUE

TYPE 10033
ACCEPT 14),R
YPE 10,034

ACCEPT 10,Z
IF(R-123.456)001,903,901

K01	 IF (R—R2 )P07, 807, 837
C07 ASI1M=0.0

ASIIMI =0.0
ASUf•12=0.0
DO 730 I=1,MT1
ASUM= ASIIM+A1(I)*(—BI (0 9 (ALAM(1 , I)*R))*BK(0, (ALAM(1 , I)*F2) )

1+BT(O,(ALAPI(1,I)*R2)):i:BK(09(ALAM(19I)*R)))
2*SINF (ALAf'1(1 , I)*Z/AK1 )

ASUM1 = ASUM1+81(I)*(—BI (O, (ALAM(1 , I)*R))*BK (O I (ALAM(1, I)*R1) )

0	 44-OT(O, (ALAM(1,I )*Pl) )*BK(0,(ALAM(1,I)*R)))
5*SINF(A LAM( 1,I)*Z/AK1)

ASUM2= Cl Z
;30	 CONTINUE

T1=ASUM+ASUM1-+-ASUM2
TYPE 736,T1

;36	 FORMAT($ ...... T1=9b,F1O.5/)
C17	 IF(R—R2)82798379837
C37	 AS[ JM3=O.0

DO 740 I=19MT2
ASUM =ASUM- A2( T)*(-0I( 0t( ALAM(2,I)*R))*BK(09(ALAM(21I)*R3))

1+BI (O, (ALAM(2, I)*R3))*BK(O v (ALAM(2, I)*R)) )
2*g INF(PLAM(2, I )*Z/AK2 )
3+02(T)*(—BI (0 9 (ALAM(2, I)*R))*BK(0, (ALAM(2, I)*R2) )
4+BI(0 9 (ALAM(2, I)*R2))*BK(O p (PLAM(2, I)*R)) )
5*SINF(ALAM(2,I)*Z /AK2)

;40	 CONTINUE
T2=ASIIM4C2*:Z
TYPE 744,T2

C27	 GO TO 12123

I	
;44	 FORMAT(5.......T2=$,F10.5 /)
K03'	 CONTINUE

ASUM=0.0
ASUM1 =0.0
ASUM2=0,0
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C-41^

0

ASUM3=0.0
ASLJf14=0.0
DO 913 N=1,MNL
AS[JP --ASUM-+-(A1 (N)/AK1)'f:(—R2-t:BK(O, (PLAM(1 ,N)*R2))*DI(1,

1 ( ALAM(1,N)' R2))—R2^:OI(09(PLAM(1,N)*R2))*[jK(1,(ALAM(1,N)
2 =t"'R2))+R1*E3K(O,(ALAM(1,N)*R2) )'-BI(1,(ALAM(1,N)*:R1) )
3-4-R1'i-'13I(O1 (ALAM(1,N)*F2))'f'BK(1,(ALAM(1,N)*R1)))

ASLJM1-= ASUf11+(B1(N)/AK1)*(-R2*BK(0 9 (ALAM(1,N)*R1) )
1*-'BI(1,(ALP,M(1,N)*R2))
2—R2*8I(O,(ALAM(1,rJ) =:R1))'F--BK(1, (ALAM(1 ,N)*R2) )
3+R1'T=BK(O,(ALAM(1,N)^R1))*BI(1,(ALAM(1,N)*R1))
44-R1:'-DI(r',,(ALAM(1,N)*R1))*BK(1, (ALAM(1,nl)*F^1 )) )

ASUM2= ASUf12+(A2(N)/AK2)*(—R3'f:BK(O, (ALAM(2,N)*R3))
l*BI (1 , (ALAM(2,N)*R3) )
2—R3*DI (O, ( ALAM(2, rl )'f:R3) ) :f: BK (1 , (PLAf1(2, N)*R3) )

3-+-R2*BK(0 9 (AL.AM (2,N)*F3))*BI(1,(ALAM(2,^l)*R2)) 	 .
4+R2*BI(O,(ALAM(2,N)*R3))*BK(1,(PLAM(2,N)*R2)))

ASUM3_ASUM3+(02(rJ)/AK2)*(—R3*BK(0 9 (ALAM(2,nl)*R2) )
1*BT(1,(ALAM(2,N)*R3))
2—R3*BI(O,(ALAM(2,N)*R2))*BK(1,(ALAM(2,N)*R3))
3+f 2 :f'DK(0, (ALAM(2,f))*F2))*BT (1, (ALAM(2,N)*R2) )
4-1-R2*BT(O,(ALAM(2,N)i:R2))*BK(1,(rLAM(2,N)*R2)))'

A SU M4= ASUP144-(ALAM(1,rJ)/AK1 )*(-BK(O,(PLAf-1(1,N)*R2) )
1*BI(0 q (ALAM(1 ,N)*Pl) )
2+BI(09(PLAM(19N)*R2))*BK(O,(ALAM(19N)*R1)))*A1(N)

K13
	

CONTINUE
Q1 = 6.2831842*AK.Z!*(ASUM+ASUf11 }Cl*(k2**2 — Rl**2 )/2. )
Q2= 6.2831842'f:AKZ2*(ASUM2+ASUM3+C2*(R3**2—R2**2)/2. )
QP= 6.2831f142*R1*AKP*S*(ASUM4+C1 )
Q= Ql4fl2+QP
V1=n1 'f`"T/(AKZ1*(R2^=r2—R1*-*2)*TH)
V2=Q2*T/( AK72*(R3'4=4z 2—R2 :4=*2 )*TH )
V3=QP*T/(AKP*R1*r,*TH)
TYPE 937,(Q,Q1,Q2,QP,V1,V2,V3)

K37
	

FORMAT(7(E14.4,5X/))
END

r




