MCR~69-405 Copy No.

@ https://ntrs.nasa.gov/search.jsp?R=19700014043 2020-03-12T02:48:33+00:00Z

¢ R-{0a5TO

FINAwsee,’ORT

WU

Development of Advanced Materials for
Integrated Tank Insulation System for the
Long Term Storage of Cryogens in Space

SEPTEMBER 1969

N70-23348

2]

2 (ACCESSION NUMBER? {(THRU)

g 7]

0

: I (CODE)

4 bAcESH

3 .

tOK 12,57 3|
<

= INASA CR OR TMX OR AD NUMBER)} (CATEGORY)

B penvver |
| brvrsion |

LENT T S

g g -

»
e
L



~

i

g iR

pa
B
hesd
p
£
¥
Ed
¥
X
&
5
A

‘k”f“é’ﬂf‘ -M.. v

3

MCR~69-405

FINAL REPORT
DEVELOPMENT OF ADVANCED MATERIALS FOR
INTEGRATED TANK INSULATION SYSTEM FOR THE
LONG TERM STORAGE OF CRYOGENS IN SPACE

September 1969

By

John P. Gille

Prepared under Contract NAS8-21330
By

Martin Marietta Corp:tration
Denver, Cole.ado, 0201

for
National Aeronautics and Space Administration

George C. Marshall Space Flight Center
Huntsville, Alabama

7 e a1 OS0SR4l AR ot b 2




MCR-69-405

FOREWORD

This report was prepared by Martin Marietta Corporation under
Contract NAS8-21330, Development of Advanced Materials for Inte-
grated Tank Insulation System for the Long Term Storage of Cryo-
gens in Space, for the George C. Marshall Space Flight Center of
the National Aeronautics and Space Administration. The NASA con-
tract monitor was Dr. James M, Stuckey of the MSFC Astronautics
Laboratory.

Significant contributions to this report were made by the fol-
lowing Martin Marietta personnel:

Dr. Thomas E. Bowman
Dr., Ralph E. Hise
Ron L. Kirlin

Ernest G, Littler
Jack §, Marino

Arlen I, Reichert
Lawrence J, Rose

ii




MCR-69-405 iii

CONTENTS
Page
Foreword , . . . . . . . .. . . ii
Contents . & & v v v v 4 b b e et e e e e e e e e e e iii
SUBMATY . v 4 v 4 4 v v e o v e e e e e e e e e e e e ix
and
X
I, Introduction , . v v v v v 4 4 4 e 4 e e e e e . I-1
and
1-2
II1. Technical Discussion of Techniques for Reducing

Boiloff Losses ., . ., . « . v v ¢ v v v v v 0. I1-1
A, Study Requirements and Ground Rules , , , . Ii-1
. Reference Vehicle ., ¢ o ¢ « « o + o « o o I1-2
. Thermodynamic Vent System , . . . . . « . . I1-16
. Insulation Cooling , . . . ¢« ¢« v v ¢ « o o =« II-20

B
C
D
E. Structural Heat Leak , ., . . . . « . « « . . I1-34
F. Pipe Heat lLeak and Cooling ., . . . . . . . . I1-38
G

. Internal Capillary Insulation , ., . . . . . II-51
thru
I1-57

I1I, Preliminary Design . . . . . . . . . . . . « . . IIT-1
Insulation Heat Exchanger and Truss . . . . I11-1
. Insulation System Design ., . , . . . . . . . III-10

Installation of Insulation , , ., . . . . . . III-13

. Internal Heat Exchanger , . . . .. . . . . TIII-19

A

B

C

D, Purge and Vent System , . . . . . . . . . . III-13
E

F. Vent Control System . . . . .. . .. . . . TIII-19
G

. Nonmetallic Composite Tank Supports . , ., . III-23

thru

I1I-29

Iv, Experimental Programs ., . . . . . . . .+ . . . . Iv-1
A, Internal Capillary Insulation, Feasibility

Demonstration TestsS . . . & v v o o « o o & v-1

B, Structural Materials and Components Thermal
Conductivity Tests . . . « « v v v v « o & o Iv-9




e, ¥

et

MCR~69-405

C. Integrated Tank Insulation System Test , ,

D, Structural Test of Bowrca Strut . . « « o .
V. Corclusions and Recommendations ., . . . . .
VI, References , v v v v v o o o o o o o o s o o«

Appendix -- Multilayer Insulation Thermal Conductivity
Model , . & v v v v v v v e e e e e

Figure
II-1 Reference Vehicle, Structural Configuration .
11-2 Propellant Remaining Versus kp for Optimized
Insulation Thickness . . . . . . . .+« « ¢« « & + &
11-3 Propellant Remaining Versus Insulation Thick-
ness for kp = 8 x 10~° Btu 1bm/ft4 hr °R . . . .
1I-4 Optimum Reference Vehicle Insulation Thickness
Versus Thermal Conductivity . . . . . . . . .
II-5 Maximum Available Propellant for Unvented
Reference Vehicle, 120-Day Mission . . . . . .
I1I1-6 Minimum Tank Insulation Thickness for Unvented
Reference Vehicle, 120-Day Mission ., . . . . . .
1I-7 The Annulus Radiation Problem . . . . . . . o .
I1-8 View Factor for Heat Exchanger Fin as a Function

of Insulation Blanket Surface Emissivity ., . .
I1-9 The Complete One-Dimensional Model , . .

II-10 Heat Flux as a Function of Internal Surface
Emissivity for 10-in, 0,D, x 0,188-in, Wall
Stainless Steel Feed Line . ., . « . . .

LY

II-11 Temperature Profile of 6-in, 0,D, x 0,078-in,
Wall x 164-in, Stainless Steel Pipe , . .

II-12 Temperature Profile of 10-in, 0,D, x 0,188-in,
Wall x 36-in, Stainless Steel Pipe ., . . ., .

II-13 Temperature Profile of 10-in, x 0,188-in, Wall
x 60~in, Stainless Steel Pipe

¢« o & 9 e 4

1v-38
IV-62
V-1
VI-1

II-3

I1-12

II-14

II-15

II-17

I1-18
I1-22

I1-26

I1-26

II-40

II-41

I1-42

11-43




4y

II-14

I1-15

11-16

IT-17

II-18

I1-19

I1-20

ITI-1

III-2
I1I-3
I1I-4
ITI-5
I1I-6
III-7
III-8
III-9
III-10
III-11
Iv-1

v 2

IV-3

MCR-69-405

Reduced Heat Flux as a Function of Local Heat
Exchanger Placement for Entering Coolant Tem-
erature of 120°R , , , . « v « v « ¢« v v 4 w0 s

Optimum Location of Local Heat Exchanger as a
Function of Entering Gas Temperature , . . . .

Optimized Heat Flux to Hydrogen Wank for Locally

Cooled Pipe for Various Inlet Temperatures and
Flow Rates . . . « « v v v v ¢« & v o v o v &

Optimum Placement of Heat Exchanger Inlet as a
Function of Coolant Temperature and Flow Rate
for Optimum Length Cooling . . . . . .

Minimum Pipe Heat Flux for Optimum Length Heat
Exchanger as a Function of Coolant Flow Rate
and Temperature ., ., . . 4« &« « o « « o &+ + «

Comparison of Local Pipe Cooling and Optimum
Pipe Length Cooling for Inlet Coolant Tempera-
ture of 120°R ., . . . . . . . . . . ...

Honeycomb Internal Capillary Insulation
Concept ., . . . . ¢ v v v 0 e e e e e

Insulation Heat Exchanger and Dome Truss
Assembly . . . . . . . . .00 000

Insulation Blanket Design .

Preformed Tank Insulation Panels , , ,
Insulation Blanket Lay-up Mandrel ., . . . .
Insulation Installation Details . . ., .
Insulaticn Purge and Vent System , , . , .
Internal Heat Exchanger ., . . .

Vent Control System . , . , . . .« . . « .

Lower Support Tube, Boron Epoxy . . . . . .

-
-
-

Lower Support Tube, S-Glass Epoxy
Upper Stabilizer Support, S-Glass Epoxy . . .

Honeycomb Internal Capillary Insulation, Feasi~
bility Test Schematic , ., . + v v v « + o o

Partial Assembly of Honeycomb Internal Capillary

Insulat on, Feasibility Test Article . , . ., .

Honeycomb Internal Capillary Insulation
Concept Test Article . . . . . . . + « « v & &

I1-45

I1-46

I11-47

I1-48

I1-49

II-50

I1-52

I11-2
III-12
I11-14
ITI-15
I11-16
III-17
ITII-20
I1I-22
ITI-26
I11-28
I11-29

Iv-2

IV-3

V-4

S R, b o S




V-4

V-5

IV-6

v-7
Iv-8

Iv-9

Iv-10
1v-11
Iv-12
IV-13
Iv-14
Iv-15
1V-16
v-17

IV-18

Iv-19

1v-20

o o B

MCR-69-405

Partially Completed Feasibility Test Article,
Internal Capillary Insulation, Screen
Concept . v v v ¢« 4 v v wa e e e e e e e e s

Thermal Conductivity Test Apparatus for Non-
metallic Composite Tube Specimens, Schematic
Diagram . . & v v o s e ¢ s e v b e e e e s

Thermal Conductivity Test Specimen Installation,
Schematic Diagram , . . + ¢ ¢ &« « o« & o s & o

Specimen Assembly Details ., . . . . . . . . . .

Composite Material Thermal Conductivity Specimen
After Insulation . . . . . . + ¢ ¢« « & 4 o o .

Structural Material Thermal Conductivity Appa-
ratus with Shroud in Place , ., . . . . . . . .

Structural Material Test Assembly Ready to
Install in Vacuum Cuamber ., . . . . . . . . . .

Structural Component Test Configuration with
Force Mechanism, Schematic Diagram , . , . . , .

Force Mechanism with Stacked Washer Specimen
Installed . . . . . v ¢ v v v v v o v e e e e

Typical Computer Plot for Composite Material
Thermal Conductivity Test Data Analysis . . .

Composite Material Tube Section Thermal Con-
ductivity Specimens ., . . . . v . 4 4 4 s e

Assembly of Tube Section Thermal Conductivity
Specimen ,

Thermal Conductivity vs Temperature for S-Glass
Epoxy Composite Cylinders , . , ., .

Thermal Conductivity vs Temperature for Boron
Epoxy Composite Cylinder ., ., ., . . .

. v e . .

Thermal Conductivity vs Temperature for Circum-
ferential Fiber Graphite Epoxy Composite
Cylinder ,

. .« . LY LY

Thermal Conductivity vs Temperature for Longi-
tudinal Fiber Graphite Epoxy Composite
Cylinder , . . . . . .

Comparison of Thermal Conductivity vs Tempera-
ture for Several Nonmetallic Composite
Cylinders

LY v s e o v . . . « s e e e« o

Iv-5

1v-10

Iv-12
Iv-13

Iv-14

IV-15

Iv-16

IV-18

IvV-19

Iv-21

IV-24

IV-25

IV-25

v-27

Iv-28

Iv-29

1V-30

Vi

Wtk ;i b s




Iv-21

Iv-22

IV-23

IV-24

IV-25

IV-26

v-27

1v-28
Iv-29
Iv-30

IV-31
Iv-32

Iv-33

IV-34%

IV-35
IV-36
iv-37

IV-38

IV-39

MCR-~69-405

Spherical Bearing Thermal Contact Resistance

opad

Specimen Before Assembly . . . . . . . . . ..

Ther..al Conductance vs Temperature at Several
Bearing Loads for a Sperical Bearing ., . . . .

Assembly of Stacked Washer Thermal Contact Re-
sistance Specimen , . . . . .« .+ o ¢ 4 . .

Stacked Washer Thermal Resistance Test
Specimens |, . . . .t 4 e v e e e e e e e e

Thermal Conductance vs Temperatv-e at Several
Loads for Stacked Washers, No Pir-iLoad on
Washers . . . v . v v v v v ¢ v« o v o o v s

Thermal Conductance vs Temperature at Several
Loads for Stacked Washers, 50 in,-1b Preload on
Washers . . o v ¢ v v v v v v v v e e e e e e

Integrated Tank Insulation System Test
Installation . . . . « . v ¢ v v v o v v o o0

Shroud Assembly ., . . . ., . . .
Lower Half of Shroud Assembly . . . . . .

Radiatively Coupled Insulation Heat Exchanger
Assembly . . ¢ . . 0 s e e e e e e e e e e

System Schematic , , . . . . ¢ . . o v . ..

Dome Insulation Assembly Fixture with Manhole
Cover Form , . . . v v v v v & o v 0 v o o o

Partially Assembled Upper Tank Dome Insulation
Panel . . . . . v v v o v v v e e e e e e

Partially Assembled Tank Barrel Section Insula-
tion Panel , . , . . . . . . . 0 0000

Insulation Details , . . . « v v ¢« v v v & o o

Insulated Liquid Hydrogen Tank , . . . . . . ., .

Integrated Insulation System Test Article
During Assembly ., . . . . . « . . . 4 o .

Cross Section of Boron Strut Tensile Test
Specimen , ., v . v . v 4 v v v e e e e e e e

Boron Strut Test Specimens ., . . . « . o « o « &

Iv-31

1v-32

IV-34

IV-35

1v-36

iv-37

Iv-40
1V-42
TV-43

V=45
IV-46

IV-48

Iv-49

Iv-50
Iv-51
IV-52

IV-54

1V-63
IV-64

vii

e kot b
ISart o :&:w.a.ﬁggf(:a%(»;qﬁﬁ




T

MCR-69-405 viii

Table
I1-1 Optimum Insulation Thickness . ., . . . . + « « . 11-32

YUt s, 5 L

1I-2 Total Propellant Remaining After 120 Days for
Optimized Systems . . & v + ¢ « « o « o » s o o I1-33

I1-3 Effect of Internal Insulation i Vicinity of
Outlet Pipe , . ., . v . v ¢ ¢ v« v 0 v v o 0 II-56

ITI-1 Insulation Support Dome Truss Details , ., . . . I1I-7

I1I-2 Weight Statement, Liquid Hydrogen Tank Heat
Exchanger and Insulation Truss . . . . . . . . . III-Y

III-3 Mechanical Property Comparison . . . . . . « o . II1-25
Iv-1 Physical Properties of Test Specimens , , . . . Iv-23
Iv-2 Test Data Correlation Summary . . . « . o + o . V-39

e




MCR-69-405 ix.

SUMMARY

The objectives of this study have been to evaluate, analyti-
cally and experimentally, certain concepts for improving the
long term space storability of liquid hydrogen in large scale
tankage systems, In particular, concepts were >valuated for the
reduction of total boiloff by use of the vented hvdrogen to in-
tercept a part of he heat leak to the tank,

All analyses ;e compared to predicted performance of a ref-
erence vehicle, The reference vehicle consists of a tank, roughly
equivalent to the combined fuel and oxidizer tanks in an SIV-~B
stage, supported within a load-carrying shroud, The tank is sup-
ported by a tubular titanium truss system, and insulated with
multilayer insulation, Thermal conductivity and density of the
insulation are treated parametrically,

The cooling of piping connections to the tank was evaluated
and optimized for a typical case, A heat flux reduction of up
to 60% is calculated for the case where the vent gas used to
cool the pipe equals the boiloff resulting from the pipe heat
flux, 1In this case, the heat exchanger is installed over mos.
of the pipe length, depending on the entrance temperature, Local
cooling of a short section of the pipe was also evaluated for
the case of several heat exchangers connected in series, The
cooling of the tank support structure was ge' ~rally found to be
unfeasible because of the complexity of the cequired heat ex-
changer circuit and the relatively small heat flux due to the
support system,

The interception of heat within the tank insulation .ysten
was evaluated in detail, A concept that appears attractive 13
the division of the tank insulation into two parts -- a shroud-
and a tank-mounted blanket, A heat exchanger is installed between
the two and is coupled by radiation, rather than physical attach-
ment, to the blankets, A reduction of heat flux through the iu-
sulation is calculated to be 50% or more, with predicted net in-
creases in remaining liquid hydrogea of up to 1500 1b (out of 50 to
60,000 1L;, depending on insulation properties, A small scale
test (4-ft diameter tank) was conducted which demonstrated the
insulation heat interception concept using a radiatively coupled
heat exchanger,

T bttt it 3
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The use of nonmetallic composite materials in the tank support
structure, was considered as a meaas of reducing heat input to
the tank, Thermal conductivity tests were conducted for S-glass
epory, boron epoxy, and graphite epoxy composites., Thermal con-
duc*ances were also measured for a self-aligning spherical bear-
ing and a stacked washer assembly. A concert for applying ten-
sion and compression loads to nonmetallic fibers, particularly
boron, was developed and evaluated in preliminary feasibility
tests., The use of S-glass and/or boron epoxy; composite materials
tor tank supports results in an improvement in heat leak of 60%
or wore over the reference vehicle configuration,

A concept for interposing a layer of hydrogen vapor between
the liquid and tank wall in the vicinity of concentrated heat in-
put, such as tne feed line penetration, was considered. The feas-
ibility of a capillary internal insulation ccncept using non-
metallic honevcomb tc position gas adjacent to the tank wall was
demonst ated. When this internal insulation concept was analyti-
cally evaluated, it was found to lack promise for long-term hydro-
gen storage applicat? 'ns.
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I, INTRODUCTION

With the first steps of manned exploration of the lunar svstem
an accomplished fact, attention will be focused on more advanced
space missions including manned exploration of the planets. The
nature of these advanced missions wiil result in larger vehicles,
longer missions, and more extensive use of cryogens for upper
stages. The objective of this study has been the investigation
of techniques for improving the long term storability of liquid
hydrogen in large scale space tankage svstems. Particular empha-
sis has been placed on the use of the refrigeration capability of
vent gas to reduce overall boiloff,

Of utmost importance to the problem of long term storage of
liquid nydrogen and other crvogens is the development of high per-
formance insulation systems. Promising work has been done in this
area in recent vears, leading to the possibility that heat leakage
from a liquid cryogen tank can be reduced to the point that vent-
ing will be totally eliminated for storage periods of several
months, if not years., However, scme question remains as to whether
the laboratory performance cf insulation systems can be achieved
when applied to large scale tankage. The present study has been
largely divorced from the question of insulation performance;
rather, conservative insulation characteristics, resulting in a
vented tankage system, have been assumed, The results will be ap-
plicable for more promising insulation materials, but mission dur-
ations of interest may be correspondingly longer.

For vented storage systems, opportunity exists for using che
cold vent gas as a heat sink, By transferring heat from ma jor
conduction paths to this vent gas, a portion of the incoming heat
flow will be intercepted, resulting in a lower heat flux to the
cryogen tank and, consequently, a lower boiloff rate, For the
typical shroud-mounted storage tank, heat will reach the tank
through three major paths; tank support structure, connecting
pipes, and tank insulation system., Therefore, corcepts for ef-
fecting the interception ot heat in these conduction paths by use
of vent gas have been evaluated in significant detail.

To reduce heat transfer through structural support members,
the use of nonmetallic composite materials was considered. The
materials that were evaluated were glass-epoxy and boron-epoxy,
The predicted performance of tubular struts of these composites

I-1
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w3s compared with a reference titanium strut system, An experi-
mental program was conducted to determine the thermal conductivity
of these macerials down to near liquid hydrogen temperature, Ther-
mal conductivity was also determined for graphite-epoxy specimens,
Limited thermal conduction tests were made for a multiple stacked
washer linkage and a commercially available spherical bearing with
applied force as & parameter,

Analytical predictions were quite favorable toward the use of
an insulation heat exchanger, placed between shroud and tank-mounted
insulation blankets to intercept a portion of the insulation heat
leakage., Therefore, a system demonstration test of this concept
was performed, using radiation coupling between the heat exchanger
and the insulation blanket surfaces,

Computer techniques for solving analytical problems have been
used liberally throughout this study., The use of efficient itera-
tive numerical routines frequently permits solution of problems in
their most kasic form, without extensive algebraic manipulation and
simplification. In this case, the bulk of the programing effort is
coacerned with numericz2l techniques, iteration schemes, convergence
criteria and other details not directly bearing on the physics of
the problem being solved. For this reason, results are in many in-

stances presented with only a minimum explanation of the method of
solution,
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11. TECHNICAL DISCUSSION OF TECHNIQUES FOR REDUCING BOILOFF LOSSES

A, STUDY REQUIREMENTS AND GROUND RULES

In order to permit direct comparison of results of the vari-
ous analyses, a .ingle vehicle configuration was considered. A
tankage syster ¢f SIV-B scale with a mission duration of 120 days
was select2d. A single liquid hydrogen tank with hemispherical
ends, equivalznt to the combined SIV-B fuel and oxidizer tanks,
was assumed tc be supported within a load carrying shroud., The
tank diameter was constrained to a fixed value of 260 inckes,

while the shrcud diameter and tank barrel length were allowed tc
vary as necessary,

An arbitvary mission was considered., Therefore, a thermal
space environment was not specified, but rather a fixed shroud
temperature of 400°R was assumed. For structural considerations,
boost acceleration values of 5 g aft, 2 g forward, and 2,5 g lat-
eral, with a safety factor of 1.4 were assumed. Tank ullage vol-
ume was taken as 5% an’ a tank operating pressure of 2 to 40 psig
was assumed. The Lank pressurant was assumed to be gaseous hy-

drogen., The tank piping was functionally equivalent to that con-
nected to the SIV-B hydrogen tank,

An optimization criterion was adopted that permits comparison
of all system alternatives directly in terms of the quantity of

liquid hydrogen remaining a.ter 120 days in space, For each system

to be evaluated, the total weight of the following items is con-
strained to a fixed value: 1loaded hydrogen, tank and tank support
structure, insulation, shroud, heat exchanger system, if any, and
piping. This is accomplished by adjusting the tank barrel length,
and consequently the shroud length, for each configuration. Thus,
if the thickness or density of the tank insclation is increased,
for example, the tank barrel length is decreased so that the de-

crease of tank, shroud, and hydrogen weight balances the increase
in insulation weight.

The use of subcooled or partially solidified hydrogen to in-
creace the heat sink capability of the propellant was not consid-

ered, In keeping with the arbitrary shroud temperature definition,

thermal coatings, sun sh’elds, and other means of reducing shroud
temperature were not considered.

II-1
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B, REFERENCE VEHICLE

In order to evaluate improvements in system performance at-
tained by incorporating heat interception devices, a reference ve-
hicle was defined, This reference vehicle is based on conservative,
current design practice, It is designed in sufficient detail to
define its thermal characteristics and weight, but is not intended
as the mainstream effort of the study. All thermal improvement
studies that were subsequently performed are, in effect, modifica-
tions to this reference vehicle,.

The tank and support system are shown in Figure II-1, A mono-
coque shell with hemispherical domes was selected as the lightest
tank concept, since the tank is to be supported within a load car-
rying shroud. 2014-aluminum was selected as the best candidate
material because of its high strength, low weight, compatibility
with liquid hydroge.., excelleat weldability, and reliable mechani-
cal and physical properties at cryogenic temperatures. The shell
is a rolled 2014-aluminum sheet welded longitudinally to form the
barrel section with chemically milled land areas for welding. The
domes are formed 20l4-aluminum sections with chemically milled land
areas for welding the sections together and the rfinished dome to
the barrel. ’

At the fore and aft dome-barrel junction, frames were designed
to facilitate ground handling and to implement the airborne load
path for the support system. Rolled ring forgings of 20l4-aluminum
were selected for the tank frames. Forgings were selected instead
of extrusions because of the higher design allowables, capability
of machining integral lugs and gussets for the support system tie-
in, and a higher predictable accuracy in overall dimensions. In-
tegral lugs are used because of better design allowables and dimen-
sional control than those of welded-on lugs. A tension truss con-
sisting of 36 tubular titanium bi-nods was chosen to support the
tank, insulation, and hydrogen weight, A series of 24 tension sup-
ports at 12 poincs on the upper barrel-dome intersection provide
lateral statilization.

For sizing the tank, the static load factors used were 5 g aft,
2 g forward, 2.5 g lateral, and a 1.4 safety factor. It should be
noted that these loads are arbitrary and do not necessarily corres-
pond to any mission configuration. Actual design load calculations
would require more information than has been specified, A tempera-
ture of 30°R to 620°R was assumed. A minimum pressure of 2 psi was
assumed to be available to stabilize the unloaded tank. The maxi-
mum operating pressure was 40 psig.
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Using the above assumptions and data, a total 1 g loaded and
insulated tank weight of 65,000 lb was estimated. From this, an
axial load of 455,000 lb, a springback load of 183,000 1b, and
lateral loads of 105,000 and 124,000 1b at the forward and aft
dome barrel junctions, a tank barrel thickness of 0.140 inches
and a dome thickness of 0,075 were determined from these data and
assumptions. On the basis of conservative, simple beam assump-
tions and lateral support at 12 places, the maximum moment on the
forward tank frame was calculated to be 242,000 in.-1b, A stand-

ard I-shape 4,0 x 4,0 x 0,25 in, thick was selected to provide
the required section modulus of 4,02 in,”. Similarly, a maxisum
moment of 63,000 in.-1b and a required section modulus of 1,04
in.> was estimated for the lower tank frame. This requirement is
met by a standard I-shape 4.0 x 2.0 x 0.125 ia,

Because of the large differential expansion and contraction
caused by pressurization and temperature changes, a tubular sup-
port system was chosen, A series of tangential tension supports
provides lateral and torsional stabilization of the upper tank
without restricting the vertical motion. A tension bi-pod truss
at the lower dome-barrel intersection supports the weight of the
loaded tank plus lateral and tovsional loadings. In addition,
the lower support system must act in compression to react the
springback loads occurring at thrust termination,.

The aft bi-pod support system is made of titanium tabular sup-
ports, each with a series of stacked stainless steel washers at
each end to increase thermal resistance. On the tasis of the above
load figures and the assumption that one-half the bi-pods react the
loads, a required area of 0.165 in.Z was calculated, based on a
44,000 psi column allowable for Ti-6Af-4V, The cross-section se-
lected was 1,0 in, 0,D, x 0,058 in, wall, giving an area of 0,1716
in,? and a radius of gyration of 0.3337 in, Tension, column ana
crushing allowables were determined to be adequate, Lug thickness
on the tube ends is based on Ti tension allowable applied across
the net lug area after subtracting hole area for a press-fit, self-
aligning spherical bearing. The pin for the lug was designed us-
ing a double shear allowable for a 160,000 psi heai treated alloy
steel,

The upper support system was designed to react lateral and tor-
sional locads only. A release fitting was incorporated to assure
that the tubes were loaded in tension only, permitting longer tube
lengths with higher thermal resistance. The mounting points for
the supports extended into the annular space so as to minimize in-
terference with tank- and shroud-mounted insulation blankets, The
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adjustable nut, housing the self-aligning spherical rod end, was
pre-tensioned on installation to allow a slight relaxation due to
tank shrinkage and pressurization, Assuming that the lateral loads
will be reacted by the six supports most nearly aligned with the
l1oad vector, the maximum ultimate support load for ary one member
is 12,500 1b, with a maximum tank displacement of 0.1 in,

The pipes connected to the tank were assumed to be:

Main Feedline
10 in., 0,D, x 0.188 in, wall, stainless steel
Case 1 - 36 in, long
Case 2 - 60 in. long

Vent Line
6 in, 0,D, x 0.078 in, wall, stainless steel
170 in. long

Pressirization Lines (2)
3/8 in. 0.D, x 0,035 in. wall, stainless steel
160 in. long, each

1, Weight Estimate for Reference Vehicle

The following weight estimate is based on a tank insulation
thickness of 3 in. with a density of 3 1b/ft~ and a nominal tank
barrel length of 270 in.

Weight (1b)

Tank 5,084
Tank supports 148
Shroud & support structure 13,076
Insulation 2,320
Insulation installation 225
Plumbing 130
Liquid hydrogen 56,850
Total weight 77,833

2, Optimization of Insulation Thickness

A parametric evaluation was made of the optimum tank-mounted
insulation thickness., For the reference vehicle, the liquid and
vapor were assumed to be separated, and the tank directly vented
from the vapor region, Actual accomplishment of this venting
scheme is a formidable problem, requiring some active or passive
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means for locating the vapor at a known position in the tank,
However, it was assumed in the reference vehicle evaluation that
this requirement can be met with no weight or performance penalty,.
The previously described optimization criterion used maximizes the
hydrogen remaining after 120 days when the initial weight of loaded
nivdrogen plu< tankage is held constant. As the thickness and den-
sivy of the insulation are varied, the tank length is varied to
constrain the total weight of tank, shroud, liquid, and insulation
to a fixed value of 77,330 1b, It is noted that this criterion
gives the maximum quantity cf available hydrogen after 120 days,
but would not result in the greatest AV capability for a propulsion
stage., For this case, optimum AV would occur with less insulation,
depending on the magnitude of the fixed mass or payload versus the
weight of tank, propellant, and insulation. As the payload in-
creases, the optimum insulation thickness approaches the same value
for both cases,

For this analysis, the following data were used:

Total weight of liquid hydrogen,

insulation, tank and shroud = 77,330 1b
Heat leak caused by pipes and

supports (initial estimate) = 30 Btu/hr
Liquid (and tank wall) temper-

ature = 40°R
Shroud temperature = 400°R

"

Shrove weight (assumed) 25 1b/ft radius/ft length

137.2 1b/ft length

Tank barrel weight

A k value was assumed to represent the average effective ther-
mal conductivity of the applied insulation, and the value for in-
sulation density represents the average density of the applied in-
sulation system., If the decrease in weight of the loaded propel-
lant were a linear function of the product of insulation thickness
and density, it could readily be shown that the maximum remaininag
propellant is a function of the product of the effective thermal
conductivity and the average insulation density, p. Since this is
not the case, a numerical survey was made for insulation thickness
from 1 to 6 in. for various values of k and p. Results of this
survey indicate that the nonlinear effect is negligible, and that
the remaining hydrogen after 120 days is directly dependent on the
paramzter ko, Figure I1I-2 shows this relationship,
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Figure 1I-3 shows the effect of insulation blanket thickness,
density, and taermal conductivity on the quantity of liquid hy-
drogen remaining after 120 days for a fixed value of 8 x 10 ° Btu
lbm/ft4 hr °R, as a typical example, for the parameter, ko, Opti-

mum thickness of the insulation versus thermal conductivity is
plotted in Figure II-4 for several values of density,

For the above analysis, a simplifying assumption was made that
the tank would be vented at 25 psig and that the tank contents
would be at 40°R during the entire coast period. The heat input
required to raise the liquid temperature from its initial satura-
tion temperature of about 36 to 40°R was assumed to be roughly Lhac
caused by ground and boost heating. The assumption was made for
the purpose of simplifying subsequent analyses and permitting di-
rect comparison of the results,

For many vehicle, mission, and insulation combinations, the
tank venting requirement can be eliminated by permitting a rise in
the -emperature of the liquid and an increase in tank pressure.

In this case, all the heat reaching the tank is absorbed by the
tank and its contents, In order to evaluate the applicability of
the unvented mode to the reference vehicle and mission considered
here, a numerical survey was conducted, This analysis was simi-
lar to that for the direct vent case, By digital computer itera-
tion, the tank size and insulation thickness were found that would
simultaneously result in a fixed total weight of tank, fluid,
shroud, and insulation of 77,330 1b, and an increase in energy to
the system resulting in the specified final temperature and pres-
sure, In this analysis, changes in internal energy of the liquid
and enthalpy of the gas, plus phase transition energy of the evap-
orating liquid were accounted for., Because of the low specific
heat of aluminum, the change in energy of the tank was neglected,.
The effective thermal conductivity of the tank-mounted insulation
was assumed to be constant over the range of the cold side temper-
ature from initial to final conditions. Tank weight was based on
a -simple proportionality to the tank design pressure that was taken
at 15 psi zbove operating pressure, Shroud dizmeter was adjusted
to provide a 4-in, gap between insulation and shroud skin for all
cases,

Two assumptions in the analysis of the unvented configuration
bias the results in its favor: (1) the ground and boost heating
are neglected and all heat gain occurs during coast; (2) the re-
quirement for mixing, and its associated energy inputs, is ne-
glected., In the near absence of gravity forces, natural mixing
of the tank contents will be negligible, and forced mixing is re-
quired to limit thermal stratification and consequent over-pres-
surization of the tank., This subject is fully treated in Refer-
ence 1,
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LHp After 120 Days (lb x 10-%)
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Figure II-2? Propellant Remaining Versus Insulation Thickness for

kp = 8 x 10°° Btu lbm/fc‘ hr °R
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Results of the unvented survey are presented in Figure II-5
in terms of available propellant, The curve of Figure II-2 is in-
cluded for comparison with the direct vent configuration. The
slight scattering of the data points is due to the effect of the
thermal conductivity of the tank insulation, This parameter was
varied from 5 x 10 © to 8 x 10 ° Btu/hr ft °R, the higher points
representiag the lower value. No safetv factor was applied for
either of the cases being compared. FIor very low values of the
parameter kp, a disadvantage resulcs because the increase in tank
weight is greater than the decrease in insulation weight which be-
comes diminishingly small., In view of the assumptions that tend
to favor the unvented cystem, it would appear that ar improvement
of up to 3% might be realized. The actual optimization procedure
would result in choice of the most favorable tank pressure for the
insulation system to be used. Figure II-6 gives the minimum in-
sulation thickness required as a function of thermal conductivity,
Insulation density has a negligible effect cn this requirement,

C. THERMODYNAMIC VENT SYSTEM

Iia a vehicle coasting in space, the familiar effect of gravity
acting to attract matter toward a particular direction relative to
the vehicle is essentially absent, This is because the vehicle is
essentially free of external forces, and is accelerating or free
falling, along with its rontents, in accordance with the local grav-
itational field. The small forces that actually exist, including
aerodynamic drag and solar winds plus gravity gradient effects, may

amount to 10-® g or less.

In a zero-g or weightless environment, the static liquid-gas
configuration is determined by the tendency for the liquid to wet
solid materials (for most liquids including liquid hydrogen), and
the effect of surface tension that causes liquid gas interfacial
surfaces to act as stretched membranes., For the tank configuration
considered here with a 5% ullage volume in a zero-g environment,
the gas can be predicted to be contained in one or more spherical
bubbles located randomly within the tank. In theory, the small ac-
celeration effect caused by forces acting on the vehicle, if acting -
in an axial direction, is sufficient to relocate the ullage gas to
the end of the tank, Under such an acceleration field (less than
10-® g), however, the energy required to produce large scale liquid
motion is extremely small. Such energy can result from attitude
changes or pulsing of attitude control thrusters, It is, thercfore,
most difficult to predict the position of the ullage gas.
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The requirement for admitting only gas tu the tank vent system
can be ci-cumvented by use of the thermodynamic vent system (Ref-
erences 2, 3, and 4), In this concept, liquid may be admitted to
the vent system. On entry, it passes through a pressure reducing
device such as an orifice. Beyond the pressure reducer is a heat
exchanger located within the tank and/or on the tank wall. When
the liquid vent fluid enters the heat exchanger at a pressure sig-
nificautly below that of the tank, its boiling temperature is re-
duced. Thus, boiling heat transfer from the tank and its contained
fluid takes place until the liquid is fully vaporized. The heat
exchanger is sized Lo allow the vaporized fluid to reach essen-
tially the temperature of the tank conterts, The vent fluid there-
by leaves the tank with approximately the same heat content as if
it had been vented directly,

While the control of the gas position in a tank is difficult,
it is relatively easy to position liquid to a vent inlet. This can
be done with a capillary device working on the familiar principle
of the blotter. However, in a very low gravity environment, closely
separated plates of sheet metal spaced one inch or less apart, act
effectively as a blotter or capillary sump. Some care must be taken
to prevent this sump from receiving excessive heat that might blecck
its action by evaporation. In addition to thermal isolation from
the vicinity of the tank wall, use can be made of the heat exchanger
to assure that the sump does not overheat.

Other problems to be concerned with in the use of the thermody-
aamic vent system include prevention of freezing of the liquid hy-
drogen on entry due to too low a reduced pressure, and design of the
heat exchanger to limit thermal stratification in the tank to an
acceptable value. The use of a powered mixer to accomplish the lat-
ter may be necessary, but this approach becomes decreasiagly attrac-
tive as the mission duration increases.
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D. INSULATION COOLING

1, Heat Leak Reduction by Cooling within Tank Insulation_ System

Results of the evaluation of the direct-vented and unvented
reference vehicle configurations for typical insulation character-
istics indicate that the most signiiicant path for heat flow to
the tank is through the tank insulation system. A promising means
for reducinz this heat input is to intercept part of it with the
boiloff gas. Several approaches can be visualized for accomplish-
ing this improvement.

It can be shown that the maximum reduction of heat flux should
be obtained when the vent gas is used to cool all layers of the
insnlation blanket from inside out, Because the vent gas must be
contained so as to prevent gas conduction within the insulation,
this approach can be dismissed for the present time as being of
questionable practicality. A second approach would be to install
a conductive layer (such as light gage sheet aluminum), with heat
exchanger attached, within the insulation blanket.

Since the tank being considered is mounted within a2 load carry-
ing shroud, a more practical approach would be to divide the insu-
lation into two blankets, tank- and shroud-mo- nted, with the heat
exchanger between the two. For this insulati n configuration, the
heat exchanger can be physically and thermally attached to either
the outer surface of the tank-mounted blanket or the inner surface
of the shroud-mounted blanket. An alternative concept is to in-
stall the heat exchanger between the two, with a minimum of physi-
cal contact. Radiant heat transfer is the means, in this case, by
which heat is intercepted by the heat exchanger. This approac!
appears to offer sufficient producibility advantages to justify
its further consideration. Therefore, a detailed analysis of this
concept was undertaken,

As with most analyses, simplifying assumptions were required
to render the problem tractable to a reasonably manageable approach,
The heat transfer along the foils of the insulation blankets is
expected to be quite high compared to the flux through the blanket.
Therefore, the assumption was made that this conduction was infi-
nite, making each of the insulation surfaces isothermal. This re-
duces the problem to a single dimension. An alternative approach
was to assume no conduction whatever along the annulus., A compari-
son of preliminary analyses based on these assumptions led to the
conclusion that the one-dimensional case was slightly conservative.
This conclusion was confirmed by a more detailed analysis that was
later made on the basis of zero conduction for a single example.

1 e
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Ideally, multilayer insulation is a serie: of radiation shields
The transfer of heat through such an ideal arrangement of reflec-
tive layers depends on the frurth powers of the layer temperatures.
Ilence, the effective thermal conductivity is strongly dependent on
the operating temperature of the insulaticn, In practice, the as-
semply of such insulation introduces additional conduction between
adjacent layers caused by contact with each other or with spacer
material, This conduction is more nearly proportional to tempera-
ture difference, although the conductivity of the spacer may also
increase as temperature increases., The effective conductivity of
the combined system is highly dependent on temperature.

When heat is removed from an intermediate layer, reducing its
temperature, the steady-state temperatures of all the layers, ex-
cept the fixed temperature hot and cold sides, are reduced. Thus,
in addition to diverting part of the heat out of the insulation
system, the performance of the insulation is also improved. It is
therefore clear that the model used to represent the insulation
thermal conductivity is of considerable importance to this analy-
sis, A simple model of a multilayer insulation, based on the prop-
erties of aluminized mylar and a nylon spacer material was used.
This insulation thermal conductivity model is described in Appen-
dix A, and is given by the equation:

-8T, _ e-s'rl\

I1-21

1 2
K(te-a) = ﬁ[“'(fa Thtt /+§{(% +8) a2 -1

+0.4y (1 +p) (12 - ﬁ)*]

where

k(T,,T;) = effective blanket thermal conductivity for sur-

face temperatures of T,, T;, Btu/hr ft °R

« = apparent fraction of total area occupied by
spacer material if assumed to be solid and in
perfect contact with radiation shields, an¢ in-
cludes the effect of contact resistance

o = Stefan Boltzmann constant

B and 7y = coefficients in the equation e(T) = 8 + T

e€(T) = emissivity of foil material at temperature T

o L "m g

(1]
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5 and 1 = coefficients defining the spacer material ther-

mal conductivity in the expression k =
8T spacer
n (1-e), Beu/nr £ R

N = number of reflective shields per ft

2_ The Radiaticn Problem in the Region between the Two Insulation

Blankets

At the heart of the insulation cooling problem is a three-body
radiation situation involving the exposed surfaces of the two in-
sulation blankets and the heat exchanger tubes in the region be-
tween the blankets, each of which will, in general, be at different
iemperatures, By assuming that each of these three surfaces is
isothermal, the radiation analysis becomes tractable. For the
sake of this analysis, conduction links between the heat exchanger
and the insulation surfaces that might be added in an actual sys-
tem are not considered, because their effect would be to improve
the performance of the heat exchanger and complicate the analysis.

Consider two infinite parallel planes, at temperatures T, and
T,, and between them heat exchanger tubes of jiameter d and tem-
perature Te’ at a spacing L, as in Figure II-7, Since nothing is

lost (and much gained) by making the heat exchange- tubes as black
as possible, their emissivity and absorptivity will be taken as
unity, The insulaticn surfaces, on the other hand, should have
emissivities as low as possible to minimize the overall heat trans-
fer. The emissivity and absorptivity of each plane will hence be
taken to be ¢, arbitrary in magnitude (and assumed inJiependent of
both wavelength and temperature) .,

|
f Ty
| f
' 3 T '
O | a0y i O
|« 1 N l
] { 1
! /T2|
]

Figure 1I-7 The Annulus Radiation Problem
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Because of the assumpticons of .niform temperatures and gray-
ness, the analysis can be carried out in a very straightforward
manner using Pol jak's method. By symmetry, we can consider only !
the segment between the two dashed lines in Figure II-7, Since ’
the energy crossing each dashed line from left to right is in every
respect the same as the energy crossing from right to left, there
is no loss of rigor entailed in postulating that the tube '"sees"
only the two plane segments between the two dashed lines (as if
the dashed lines were pertfect reflectors), and that they in turn
"see" only each other and the tube, That is, the radiation bal-
ances are t iame as they would be if all the energy leaving the
tnbe went . ..U toc gone or the other of the plane segments (half
to each, since the tube radiates uniformly in all directions), and
%% of the enexrgy leaving each plane went first to the tube and the
rest directly to the other plane segment.

AR

Let R;, R; and Re be the total radiation leaving the surfaces
at Ty, T, and Te’ respectively, per unit time. Since the tube is

black, Re consists entirely of emitted radiation:
R =nrd ¢ T* (2]
e e

The radiation leaving each plane segment consists of emitted radi-

ation and a reflection of the radiation reaching the plane segment

from the tube and the other plane segment. On the basis of the !
discussion of the preceding paragraph, the resulting equations

are:

Ro

, 1 nd
Leo T2 + (1 - ) [5 R+ (1-733) Rl] (3]

1 nd
4 (1 - LR + --—) ,
Ry = Lea T + (1 e)[2 R +(1-T5)R (4]
We wish to find the net radiation arriving at the heat exchanger
tube and the cooler of the two plane segments., If these net radi-
acion fluxes are called Qe and Q;, respectively, then

Q =27 Ry +Ro) - R (5]

e

td 1
@=(1-3)Ret R R ‘6]

mE -
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Solving [2], [3}, and [4] simultaneously for R;, R-, and Re’
and substituting in [5] and [6] yields

Q = g nd T + T2 "
e 1 + .T_(_d_ (l - ) 2 e
2L \e
4 4
gL T2 - Tl nd 4 a4\
= + = -
Q 1+ Eg_(;__ 1) 1 (2 - nd/ZL) oy 2 (Te 11)
2L \e e \1 - nd/2L

or, expressing both per unit area of either plane surface:

o(rf+12 -2 T)

_ nd
q, 1 1 where F 2L
=4+ =-1
F ¢
4 4
TS> - T
q = g 2 1 +F (T4 - Tf)
1 1 /2 - F e
1+F(=-1)]=-t7T7=<)-1
€ e \1 -F

The above analysis considers the tubes only as radiators (or
radiation absorbers). A greater radiative area per unit weight
can be achieved by attaching a fin to the heat exchanger tube.

In order to conserve the small available clearance between the
heat exchanger and the insulation surfaces, the fin should be flat
and mounted parallel to the insulation blankets. An analysis was
conducted to determine the view’ factor of such a fin design.

The case analyzed considered a 4-in. wide fin attached length-
wise to the spiral heat exchanger tube with 30-in, vertical spac-
ing between convolutions, Tuhe tube was assumed to be shadowed by
the fin and its area was neglected. This fin was located midway
between the insulation blanket surfaces that were separated by
four inches. This spacing was chosen as a probable lower limit
for practical assembly of the tank and heat exchanger wit*in a
shroud for an S-IVB scale system., A fin width of twice the sepa-
ration distance between it and the surfaces viewed is assumed to
be great enough to approach the point of diminishing returns.

Separate computer programs were used to determine black and
gray body view factors for this fin arrangement, The emissivity
of the fin was taken as 0.95, and the emissivity of the surfaces
of the insulation blankets was varied as a parameter, both sur-
face emissivities being equal for a given case. Diffuse rcflec-
tivity was assumed in all cases Figure II-8 gives the results
of this analysis, where the view factor ‘Fis defined by the equa-
tion:

(71

(8]
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Ql,2 = ?Al g (Tg - Ti):
with

Q;,> = heat flow between fin and tank- or shroud-mounted
insulation surface,

A; = area of fin, one side only,
T-,T; = temperatures of insulation surface and fin.

The assumption of diffuse reflectivity strongly influences the re-
sult given in Figure 1II-8., As the infrared reflectivity becomes
more specular, the heat exchanger wi'l see more of the insulation,
and for small ratios of heat exchanger to insulation area, the
factor ‘¥ will approach the cuissivity of the fin, regardless of
the insulation emissivity. On the other hand., as the fin area is
increased, the radiative coupling can never exceed that of infi-
nite parallel plates, because of the increasing tendency of the
heat exchanger to view itself, that is, for the limiting case:

As o (T2 - T

Q,2 < 1 1
—t -1
€1 €o
where
A; = insulation blanket surface area,
€y = fin emissivity,
=5 = insulation blanket surface emissivity.

However, as this limiting case is approached, the two iasulation
surfacee cease to see each other, and all heat is transferred via
the heat exchanger. In general, as the heat exchanger coupling

to the blanket surfaces increases, the coupling between the blan-
kets decreases, resulting in fu.ther improvement of the heat ex-
changer effectiveness, The optimization of the heat exchanger
design will require test data on the actual surface material com-
binations to be used, The analyses that have been performed indi-
cate that the optimum pitch for a spiral-wound heat exchanger could
be 3 ft or more, and is very unlikely to be less than 1 ft for any
material combination,
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It is desirable tc keep the emissivity of the blanket surfaces
as low as possible because these surfaces represent reflective
layers within the overall insulation system with almost perfect
separation, A minimum emissivity would perhaps be achieved by
using a very open net for the structural cover layer of the insu-
lation blanket, permitting as much visibility of the reflective
foil as possible, For the resulting composite surface, the effec-
tive emissivity can probably be determined only by experiment.

The analysis described below refers to the radiation coupling
analysis for the circular tubes. In the computer solution of the

problem, hcwever, both configurations have been considered,

3. The Complete Analysis

The heat removed by the heat exchanger is equal to the enthal-
py gain of the vent gas. Tnus,

q, = [h () - h(40)] [9]

where m is the total rate of boiloff from the vessel, O is the
fraction of the total boiloff passing through the heat exchanger,
h(T) is the gas enthalpy as a function of temperature (at the ap-
propriate pressure), Te is the heat exchanger tube temperature,

and 40 is the vessel temperature. 7he overall situation being
analyzed is diagramed in Figure II-9, |

The total boiloff rate is, in turn, given by

ﬁ,:L‘o_‘)Tt_Q [10]

where q; is the heat flow rate into the vessel per unit area, A
is the total vessel surface area, Q is the total heat flux enter-
ing the vessel other than through insulation (assumed above), and
A is the enthalpy change per unit mass between the stored liquid
and the vented gas.

The heat flux per unit mass into the vessel and from the
shroud, respectively, are

Q@ =iz (Ty - 40) k (T1,40) [11]
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and

1

©® =T o

(400 - T,) k (400,T,) [12]

whe;e H is the total insulation thickness, x is the fraction of
the insulation on the vessel surface, and k(Thot’Tcold) is the

insulation conductivity as given by Equation [1] (or some modifi-
cation of Equation {1]). Finally, conservation of energy requires
that

q =q3 - q1 [13]

e

Thus, we now have seven equations, [7] through [13], for the
seven unknowns q1, q3, 9g> Ty, To, Te’ and m in terms of known x,

H, a, R, L, ¢, and insulation and gas properties.

The equations a-e solved by an iterative procedure. We begin
by picking a Te’ and guessing a T; and T,. With these values, and

with h(T) given by Reference 5 and k(T ) given by Equation

,T
hot’ cold
[1], Equations [9] through [13] can be solved exactly as before
for x, q1, q=, Q> and @ (for some given H, R, L, and ¢). The

calculated values of q; and 9, allow new values of T; and T, to be

calculated from Equations [7] and [8], and these values can then
be used to arrive at a new solution to the equations of this sec-
tiuvn, This iteration process is continued until a satisfactory
solution is obtained. By repeating the entire procedure for sev-
erai values of Te’ the proper insulation distribution (x) for this

set of values H, R, L, € can be found (that is, the value of x
that leads to minimum q;). Results of these calculations are given
in a lacer section,

4., Catalytic Conversion of Para- to Orthohydrogen

As a part of the analysis of insulation cooling, the use of
catalytic reactors wss considered., By conversion of the vapor in
the heat exchanger from its original parahydrogen state to equi-
librium conditions, the heat sink capacity of the vented fluid is
increased, The incorporation of para-ortho converters influence
only Equai.cas [9] and 110] involving the enthalpy gain of the
vent gas. By appropriate modificairion of these equacions, the
effects of one or two disc:ete reactrrs and taat for a continuous
reactor in the insulation heat exchanger were obtained. Results
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that are given later indicate a significant advantage to be gained
from each of these alternatives. No significant change in the
optimum insulation blanket thicknesses resulted from the incorpo-
rction of para- to orthohydrogen conversion.

5. Expansion Engines

The use of an efficient energy conversion device to improve
the performance of the vent system was also considered. This would
be accomplished by reducing the pressure of the gas through a tur-
bine or other suitable engine, extracting power in the form of
electrical energy, and transmitting that energy outside the system
boundary. In this process, the gas temperature is reduced, in-
creasing the refrigeration capacity of the downstream heat ex-
changer. In evaluating such expanders, it was assumed that a 100%
efficient expander would effect an isentropic enthalpy reduction,
and a less efficient expander would reduce the gas enthalpy by a
proportionately smaller amount. The total enthalpy change in
Equation [9], then, was the parahydrogen entlalpy at final equi-
librium temperature and near-zero pressure, minus the vessel dis-
charge enthalpy, plus the enthalpy reduction in the expander.

Expanders were investigated in terms of both expander effi-
ciency and the degree of closeness to thermal equilibrium (with
the heat exchanger tubes) of the entering gas. It was found that,
to be of very much value, an expander would have to be extremely
efficient and even then would not be as effective as a para-ortho
converter, A 20% efficient expander, for example, did not meas-
urably decrease the amount of boiloff from the tank, In fact, in
most cases the boiloff increased. (If the gas is not brought out
of the vessel at the lowest possible pressure, it will not have
achieved the maximum amount of direct cooling of the stored liquid,
The difference can be significant because of the dependence of
enthalpy on pressure at low temperatures.) A 507 efficient ex-
pander provided a slight gross improvement if it received the gas
at thermal equilibrium: approximately 50 pounds of hydrogen over
120 days, perhaps not enough to justify the extra weight and com-
plication introduced by the expander itself. A 907 efficient ex-
pander would save over 100 pounds gross if it received gas at
thermal equilibrium, or about 60 pounds if the gas hLad only been
heated to a midpoint between the vessel temperature and the heat
exchanger equilibrium temperature.

It was therefore concluded that for typical efficiencies of
expansion engines, no significant net gain could be realized,
This conclusion wculd not necessarily be valid for systems in
which, for other reasons, the hydrogen is stored at much higher
pressures.
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6. System Optimization

An optimization analysis was conducted to determine the im-
provement that could be obtained for a system utilizing the vent
gas to reduce heat leakage through the insulation, A comparison
was made with a system utilizing a single insulation blanket of
optimum thickness applied to the tank. The effective overall ther-
mal conductivity and installed insulation density were varied as
independent parameters.

The following #ssumptions and ground rules were used:
a) Initial temperature of liquid hydrogen was 40°R;

b) Tank pressure controlled throughout mission to main-
tain 40°R liquid temperature;

c¢) A fixed weight of 77,330 1lb was assumed for each case
to include tank, liquid hydrogen, insulation, heat ex-
changer system, and shroud;

d) The fixed total weight is obtained by adjustment of
the tank barrel section and shroud lerngths, with at-
tendant changes in tank, shroud, insulation, and lig-
uid weigh“s., The tank barrel section weight is taken
as 137.2 ib/ft length.

e) The shroud was assumed to extend 1 ft beyond the tank
at top and bottom and its weight was adjusted to ac-
count for changes in length and dizmeter, assuming
shroud weight = 25 x length x radius (1b). A fixed
annular gap of 4 in, between insulation blankets was
assumed, the shroud diameter being adjusted accord-
ingly;

f) The heat exchanger weight was assumed to be 443.5 1b
and discrete para-ortho converters were taken to weigh

20 1b each, but the continuous converter weight was
neglected;

g) Heat leakage into the tank in addition to that ttrough
the insulation was taken to be 30 Btu/hr;

h) Shroud temperature was 400°R;

i) Mission duration was 120 days.
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The results of this optimization analysis are presented in
Tables II-1 and I1-2, For the cases preserted, shroud and tank-
mounted insulation surface temperatures ranged from 183 to 154°R
for the heat exchanger only case and from 167 to 122°R for the
cases with para-to-ortho conversion, Vent gas discharge tempera-
tures ranged from 178 to 144°R without and from 158 to 122°R with
conversion. In general, these temperatures decreased as the in-
sulation thermal conductivity increased,

It is interesting to note that a gain is indicated for all of
the cases considered, including that for an insulation density of
1 1b/ft> and an effective insulation thermal conductivity of 4.5
x 107 Btu/ft hr °R. It is well to note, however, that this re-
sult is strictly dependent on the assumption that the temperature
of the liquid hydrogen remains constant throughout the mission
with venting required from the beginning. For the higher perfo- .
ance insulation systems, allowing only a few degrees temperature
rise of the hydrogen would postpone the requirement for venting
for a large part, if not all, of the mission, It can be concluded
from this study that the use of boiloff gas to intercept and re-
duce heat leakage offers definite advantages for long term space
storage of hydrogen, but that "long term" is dependent on the per-
fcrmance of the tank insulation systems, and may be in excess of
120 days for the more favorable insulation materials available.
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E. STRUCTURAL HEAT LEAK

Analyses were conducted to d termine the heat leak to the hy-
drogen tank contributed by the structural support members. This
analysis, as well as that for the tank piping connections, was ac-
complished largely through the use of a steady-state thermal net-
work computer program., This program uses conventional finite dif-
ference techniques for driving node temperatures to values that
result in no heat gain or loss by the node. An input routine is
incorporated to set up arbitrary networks from descriptive node
names designating conductor connections. Any number of nodes can
be assigned fixed temperatures, and nodes can be biased with fixed
external heat fluxes. Provision is made to gain access to several
points in the program for auxiliary subroutines that can be used
for solving special problems, such as the computation of external
fluxes for simulation of heat exchanger operation. Thermal con-
ductivity data for a number of materials, including all considered
in this study, are incorporated into the program. Conductor values
are calculated on the basis of the effective thermal conductivity
of the material, which is obtained by integration of a thermal
condurtivity versus temperature c ‘rve fit polynomial between the
end point temperatures. Ther~i: -onductivity data was obtained
from several sources, includiug est results on composite materials
and structural components obtained in this program and reported in
Chapter IV of this report.

In order to predict heat flux caused by the tank support struc-
ture for the reference vehicle, it is necessary to assume a load
on the individual members. This is because the thermal conductance
of the stacked washer assembly and the spherical bearings are de-
pendent on applied ~ Tce as well as temperature. In a zero gravity
environment, the fu!ly loaded tank imposes no load on the support
structure. However, it i: well to question whether this no-load
condition results in very low loads on the individual members.
Because the tubular struts, in the case of the lower tank support,
are connected to form a truss, they may act to load each other.
Unless the adjustment of the length of each member can be made so
as to result in precisely the correct length after thermal con-
traction has occurred, such loadirg will be induced, It can read-
i1y be shown that each 0,001 in. of discrepancy in length of a
strut over and above any free motion in the s i;tem, can result in
a loading on the order of 100 1b, In view of the very large ther-
mal contraction that does occur zfter installation of these mem-
bers, it appears very doubtful that forces on the order of a few
pounds can ve realized, Therefore, for this analysis, loadings
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of 100- and 1000-1b force have been considered. Results of the
analysis for the titanium reference vehicle support system are as
follows:

Lower Strut (72 struts) -

100-ib force 0.36 Btu/hr each 25.9 Btu/hr total
1000-1b force 0.71 Btu/hr each 51.1 Btu/hr total

Upper Stabilizer Supports (24 supports)

~

100-1b force 0.32 Btu/hr each 7.7 Btu/hr total
1000-1k force 0.74 Btu/hr each 17.8 Btu/hr total

Total Structural Heat Leak -

100-1b force 33.6 Btu/hr
1000-15 force 68.9 Btu/hr

It has been assumed that all of the support members are well
insulated. The effect of a heat flux over the area of the tube
of 0.1 Btu/hr ft2, to represent the heat gain through the insula-
tion, has been evaluated and found to result in a negligible ef-
fect. However, the absence of insulation on the strut may increase
the heat flux by a tactor of 2 or more, depending on the area of
the strut not protected by the tank insvlation. It is of interest
to note that the spherical bearings are more effective in reducing
heat flux through the titanium lower support members than are the
stacked washers. This results directly from the nature of the
test data obtained for these components as presented in Chapter
IV,

Nonmetallic composite structural materials, such as glass
epoxy and boron epoxy, display significantly lower ratios of ther-
mal conductivity to strength than metals such as titanium or stain-
less steel. They alsn have favorable strength-to-weight ratios,
The use of these materials was therefore evaluated as a means of
reducing structural heat leak, This was accomplished by consider-
ing the same basic support system, with composite tubular supports
replacing th. titanium supports. The preliminary design of these
members is discussed in Chapter III of this report.

Thermal analyses of the glass and boron composite struts were
accomplished in the same manner as for the titanium supports.
Spherical bearings are included, and the thermal performance is
dependent on load. Loadings of 100- aund 1000-1b force were as-
sumed., The following results were obtained:
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Lower Strut (72 struts) -

S$-Glass Epoxy Support Tube, 1.157 in, 0.D., 1.049 in. I.D,,
12,75 in. tube length (including inserts) -

100-1b force 0.120 Btu/hr each 8.64 Btu/hr total
1000-1b fcrce 0.147 Btu/hr each 10.58 Btu/hr total

Boron Epoxy Support Tube, 0.810 in. O.D., 0.750 in. I.D.
plus 2 single layer of S-glass epoxy overwrap, 12.75 in.
tube length (including inserts) -

100-1b force 0.149 Btu/hr each 10.73 Btu/hr total
1000-1b force 0.189 Btu/hr each 13,61 Btu/hr total

Upper Stabilizer Support (24 supports) -

S-Glass Epoxy Support Tube, 0.820 in. 0.D., 0.750 in. I.D.,
12.5 in. tube length (including inserts) -

100-1b force 0.064 Btu/hr each 1.54 Btu/hr total
1000-1b force 0.072 Btu/hr each 1.73 Btu/hr total

Total Structural Heat Leak -
S-Glass Epoxy, Upper and Lower Supports -

100-1b force 10.2 Btu/hr
1000-1ib force 12.3 Btu/hr

Boron Epoxy Lower and S-Glass Epoxy Upper Supports -

100-1b force 12 .3 Btu/hr
1000-1b force 15.3 Btu/hr

Because the upper stabilizer support is designed for tension
loading only, boron epoxy was not considered for this application.
The above results indicate that S-glass epoxy offers a slight im-
provement over the boron epoxy for this application. However, the
support members considered are designed primarily for tension
loading. If the tube loading is primarilv in compression, boron
epoxy may give the best results. A very significant reduction
in heat leak can be achieved with either of these materials. It
is noted that the graphite epoxy composites, which are structurally
very attractive, have much higher thermal conductivity character-
istics and would not be suitable for this application.

R
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The use of glass epoxy structural elements in the tank support
system is recommended for long term hydrogen storage as a means
of reducing boiloff losses. The possible further reduction cf
boiloff by using the vent gas to intercept he«t entering through
the support members was considered., The physical connection of a
heat exchanger system to 72 lower struts and/or 24 upper stebiliz-
ers is a formidable design problem., It would be further compli-
cated by the p-oblem of attaching the heat exchanger at the opti-
mum location on the support This would vary with vent gas tem-
perature around the tank, assuming the support tubes to be cooled
in series,

The design configuration in which the tank insulation is di-
vided into two blankets, tank~ and shroud-mounted, with a heat
exchanger between, offers a possible altermative approach. By
leaving the central part of the support tube uninsulated, it will
view the annular region and heat will be trarsferred by radiatcion
from the support to the heat exchanger and insulation blanket sur-
faces. An evaluation of this mode of support cooling for glass
and boron tube designs indicates that heat flux reaching the tank
tarough the support members can be reduced by 25 to 40%, depending
on the emissivity of the tube surface. However, this process does
not result in optimum interception of the heat flow. Therefore,
for each Btu intercepted, 2.5 or more Btu are added to the annular
region, and consequently to the insulation heat exchanger load.

It is t! refore concluded that interception of support heat leak
by use (1 vent gas is not feasible,
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F. PIPE HEAT LEAK AND COOLING

A major source of heat leak to the propellant tank is the
combination of pipes which are assumed to connect the tank to the
400°R shroud. The pipes considered in this analysis are intended
to approximate those incorporated on the SIV-B stage hydrogen
tank. A pair of 0.078-in. wall, stainless steel pipes, 6 in. in
outside diameter and 164 in. in total length, were assumed as the
fill and drain and vent lines. A 90° bend was assumed at 32 in.
from each end of each pipe. The other pipe considered is the feed
pipe located at the tank bottom. This pipe was assumed to be
fabricated of 0.188-in. thick stainless steel tubing, 10 in. in
outside diameter. Two lengths, 36 in. and 60 in. were analyzed
as probuble limits. A 0,375 x 0.035 x 160-in. stainless instrumenta-
tion line was found te contribute a negligible heat leak.

The internal pipe radiation, thermal conductivity of the pipe,
and heat added through the pipe insulation were considered in the
determination of the temperature distribution and heat flux along
the various pipes. Internal pipe radiation effects were treated
parametrically for a range of emissivities from 0.15 to 1.0, where
0.6 was assumed as a representative value for stainless steel.
Thermal conductivity of the stainless steel pipe was treated as a
function of temperature, based on data presented in Reference 6,
and is represented by the following expression:

k = 4,422 x 10=% + 0.027942 T8 - 0.29233 T -°
+ 0.00767345 T2 Btu/hr ft °R

A heat input of 0.1 Btu/hr £e2 was applied over the total pipe
area to represent heat gained through the pipe insulation. This
would be achieved physically by varying the number of layers of
multilayer insulation as a function of the pipe temperature pro-
file so as to minimize temperature gradients along the insulation

layers.

The analysis of the heat flux to the tank and the corresponding
pipe temperature profile was accomplished by using two digital
computer programs. The first determined the black body and grey
body view factors, P, associated with internal radiation heat
transf. - _haracteristics of the pipes. This program considers
diffuse grey or black body radiation only. The 6-in. diameter x
164-in. long pipes were separated into two 32-in. long sections,
one at each end of a 100-in. long section. The ends were con-
sidered to be discs having an emissivity of 1 for all cases.
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Each 32-in. long section was considered to be at 90° to the 100-
in. section. Each bend was considered to be simulated, from an
internal radiation point of view, by a disc having an emissivity
of 1. Each disc was divided into 4 nodes with the 32-in. long
sections having 5 equal area nodes and the 100-in. long section
having 10 equal area nodes. The 10-in. diameter pipes contained
14 equal area nodes in the pipe and 4 -~des in each end disc.
The output (A factors) were appropr: cely summed for each node
and pipe end and used as input to the second computer program.
This program simultaneously considered the internal radiation,
pipe conduction, and external flux simulating insulation heat
leak.

The heat added to the tank by the two 6 x 0.078 x 164-in. lines
was found to be 2.5 Btu/hr each, and was independent of internal
emissivity over the range of 0.15 to 1. Figure II-10 shows the
dependence of heat flux to the tank on internal surface emissivity
for the 10-in. 0.D. x 0.188 wall stainless steel pipes for 36 and
60-in. lengths. For the nominal emissivity of 0.6, values of heat
flux were 29 and 19.6 Btu/hr, respectively. Figures II-1l, II-12,
and II-13 give temperature profiles of the three pipes considered
for the uncooled case. No effect of emissivity can be noted for
the 6 x 164-in. pipe, and little effect of emissivity was found
for the 10-in, pipes.

The use of vent gas to reduce the heat leak through the 10-in.
feed line was investigated in detail for the 36-in. long case.
Emissivity of the internal pipe surface was taken as 0.6. A heat
exchanger was assumed in all cases to be made of stainless steel
tubing welded or brazed to the tank wall. In view of the light
weight of this tubing, assumed to be no larger than 0,375 in. in
diameter, the heat exchanger was assumed to be adequately sized
to operate with no more than 5°R temperature difference between
the coolant gas and the pipe.

Two cases were considered. First, local cooling of a small
region of the pipe was evaluated for the case where several heat
exchangers are connected in c¢eries. For this case, maximum heat
reduction to the tank with a ninimum increase in vent gas tempera-
ture is sought. The second ce«se assumes parallel connection of
heat exchangers, with the vent gas arriving at the heat exchanger
at near tank temperature. Here the vent gas is allowed to heat
to whatever temperature results in maximum cooling. For this
case, the heat exchanger starts at an optimum point on the pipe
and continues outward to near the hot end. This analysis is also
valid for the last of several series-connected heat exchangers, for
which the entering coolant temperature may be significantly greater
than the tank temperature.
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Temperature (°R)

MCR-69-405

4004

300

200}

——C = 1,0

-—==c=0.15

100

| i i 1
0 10 20 30 40

Distance Along Pipe (in.)

Figure I1-12 Temperature Profile of 10-in. 0.D. x 0.188-in. Wall x 36-in,
Stainless Steel Pipe
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Figure 11-13 Temperature Profile of 10-in. x 0.188-in. Wall x 60-in.
Stainless Steel Pipe
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The pipe cooling analyses were accomplished by solution of
the steady-state network analysis with heat exchanger operation
simulated by external heat fluxes out of the pipe at appropriate
points. Gaseous para-hydrogen properties were incorporated into
the computer program, and these cooling fluxes were continuously
calculated through the iteratican procedure on the basis of pipe
temperature and gas flow rate.

Figure II-14 presents the effect of placement of the local, or
series, heat exchanger. For 120°R entering gas temperature, it
is noted that minimur. heat flux to the tank occurs when the heat
exchanger is located at approximately 55 to 60% of the distance
from the cold end for hydrogen coolant flow rates of 0.05 to 0.15
lb/hr. This indicates that optimum placement of a spot, or local,
heat exchanger is a function of entering gas temperature oniy.
The relationship betweer coolant temperature and optimum place-
ment is given in Figure II-15. Results of a survey to determine the
optimum heat flux to the tark for the 36-in. feed line for various
gas temperatures and flow rates are given in Figure II-16. These
results are for optimum placement of the heat exchanger as given
in Pigure II-15.

For the second case of the optimum length heat exchanger, the
significant problem is to determine the proper location for the
cold end of the heat exchanger. If the gas temperaiure is warmer
than the uncooled pipe temperature at the entrance of the heat
exchanger, the heat flux through ti.> pipe may be increased. Be-
ginning the heat exchanger too near the hot end will result in a
loss of efficiency. Unlike the locally cooled pipe case, the
optimum placement of the cold end of the heat exchanger is depen-
dent on both the gas inlet temperature and the flow rate. This
relationship for the 10 x 36-in. feed line is shown in Figure II-17.
The minimum heat flux to the tank is shown in Figure II-18 for vari-
ous inlet temperatures and fiow rates. Finally, Figure II-19 pre-
sents a comparison between local and optimum length cooling for
a typical inlet temperature to the heat exchanger of 120°R.

This analysis has assumed that the pipes were evacuated. The
presence of gaseous hydrogen would result in an additional heat
flux on the order of 5 Btu/hr for the 10 x 36-in. pipe and less
than 0.5 Btu for the 164-in. pipes, assuming only gas conduction
in a weightless environment. I1f a pipe is open to the tank in-
tericr, it will be filled with vapor during the long term coast
period. This is true regardless of the liquid position in the
tank, because the pipe temperature will be greater than the boiling
temperature of liquid hydrogen. For large diameter, short pipes,
the installation of a valve at or near the tank interface and the
evacuation of the line should be considered as a means for re-
ducing boiloff.
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Entering Coolant Temperature (°R)

MCR-69 -405
— T T 7 oo T
i ; 5N N i b . n
i j i : f ' ’ ]
; i o N
— N t t ’
i , ! . ‘ ' 1
X | | / . i /
I : +— + ‘ ;
% , . L / |
200 + 4 } : " et -
L ; BEERy.eaEE
. : i ; W ; : i
; a i : ; / E
i ! H !
— } .
i | ! ;
| .s : /
I ,Y t
! A }
150/—+ , —t
! : i X
| i i 1
1 Il t }
| | —
3 / :
7
100 / +
l y tet Stainless Steel Pipe,
— T 10-in. 0.D. x 0.188-in.
Wall x 36-in.
50
A
0100 50 6C 70

Optimum Placement of Heat Exchanger, % of Pipe Length from Cold End

Figure 1I-15 Optimum Location of Local Heat Exchanger as a Function of
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Entering Coolant Temperature (°R)
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Figure II-17 Optimum Placement of Heat Exchanger Inlet as a Function of
Coolant Temperature and Flow Rate for Optimum Length Cooling
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G. INTERNAL CAPILLARY INSULATION

1, Concept Description

Methods for interposing a layer of hydrogen gas between the
liquid hydrogen and the tank wall to reduce boiloff losses were
investigated. This internal insulation would not be for the pur-
pose of supplementing the high pevformance multilayer insulation
applied to the tank; rather, it would be used in areas of high
heat leakage, such as a tank discharge pipe, to increase the re-
sistance between tiie heat leak and the liquid hydrogen, Without
such supplerrental insulation, the temperature at the juncture of
the pipe and tank wall would be close to liquid hydrogen temper-
ature because of high heat transfer coefficients,

Two concepts were investigated, both depending on capillary
(surface tension) effects, In the first concept, a laver of
honeycomb bonded to the tank wall was used to position the gas.
A capillary barrier, such as a woven screen, was used to prevent
interchange of liquid and gas in the secoud concept,

The principle of the huneycomb concept is illustrated in Fig-
ure II-20a, A layer of ho.eycomb, bonded to the tank wall, is
assumed to be initially filled with liquid. As heating of the
wall occurs, the liquid will reach saturation temperature and then
begin to evaporate, The liquid in the cells will be displaced by
vapor or will be e porated., If the liquid-solid contact angle is
in the vicinity of 90° or above, the liquid-vapor interface will
be stabilized by capillary forces and the vapor will be positioned
so as to form a thermal resistance between the tank wall and the
liquid,

If the cells of the honeycomb were circular, this explanation
would be valid for liquids with zero or any contact angle., However,
by the nature of its construction, honeycomb material has sharp
corners, A liquid with a very small contact angle will tend to
wet the corner, drawing liquid along the edges, and the liquid-gas
interface will not be stable, Capillary stability in a round tube
can be demonstrated by the familiar soda straw experiment in which
liquid can be positioned above gas in a small tube closed at the
upper end. The lack of stability in a tube with sharp corners has
been demonstrated by a similar experiment, using a tube of diamond
cross-section fabricated from two pieces cf clear plastic. The
ma jor dimension of this cross-section was made very small (approxi-
mately 0,05 in,) to assure that the result obtained was not
merely due to the tube being greater than its critical dimension.
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Figure II-20 Honeycomb Internal Capillary Insulation Concept
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1t was found to be impossible tc maintain liqu'd in & stable con-
dition above the gas when a wetting Jiquid such as methanol was
used, When the tube, initially empty of liquid, was immersed in
methanol =ith the open end up, the liquid entered and eventualily
filled th. tube completely,

Because the contact angle of liquid hydrogen with all, or at
least most sclids, is in the vicinty of 0°, this configuration is
not satisfactory. Figure 11-20b shows the addition of a capillary
barrier plate over the honeycomb, With this arrengement, the cap-
illary stability occurs in a circular hole in the barrier plate.
That this arrangement satisfactccily sol' ., the interface stability
problem can be demonstrated by assembling the honeycomb and barrier
plate in the bottom of a container. With the honeycomb initially
filled with air, the container can be filled with liquid, and very
little, *f any, liquid will find its way into the honeycomb cells,

However, when this system is applied as internal tank insula-
tion, it is assumed that the gas in the cells is (or could be)
vapor of the liquid being contained, In this case, it is clear
that the boil .ag temperature exists at the interface. Consider-
ing the relatively high thermal conductivity of the liquid (in =z
zero-gravity environment, or convection in a one-g environment),

a rather strong teat flux would be required to maintain this tem-
perature at the interface if the bulk liquid were subcooled, 1If
the liquid at the interface becomes cooler than the saturation
temperature, condensation will begin to occur, allowing liquid to
enter the huncycomb cell, Depending on the magnitude of the heat
flux, a percolating action would probably follow, with liquid al-
ternately entering and being evaporated or displaced from the cells
uctil the liquid in the vicinity of the barrier plate comes to the
sasturation temperature, Therefore, this concept (as shown in Fig-
ure 1I-20b) does not appear to be adequate if subcooled liquid is
to be stored.

For the epplication of the honeycomb insulation concept where
subcooled liquid is to be contained, a thermal barrier must be in-
terposed between the capillary barrier plate and the bulk liquid.
Figure II-20c shows the use of a conventional insulation matcrial
such as foam for this purpose. This insulation layer need not be
sealed, and would in fact be intentionally perforated if not¢ iu-
herently porous. This layer of insulation mus. be sufficient to
result in a temperature Jrop equal to the difference between the
boiling and bulk temperatures of the liquid at the minimum heat
flux at which the system is v)> be operated., When the heat flux is
increased above the minimum design level, boiling may occur in the
space between the barrier and the supplemental layer of insulation,
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This would cause the liquid-gas interface to irtermittently move
away from the capillary barrier opening, but would not result in
liquid entry into the honeycomb cell. Wher lijuid later ret .raos
to this vicinity, the interface will immediately form again at the
barrier, assuming a sufficiently small hole size,.

The capillary screen concept for positioning a gas layer at
the tank wall is equivalent to the honeycomb system with the honey-
comb removed. The capillary barrier or screen is positioned away
irom the tank wall with suitable standoff mounting posts, and the
additi. aal insulation is positioned above this point. A small
spacing between the barrier and the conventional insulation layer
may or may not be desirable, depending probably on the properties
of the conventional insulation material, For the zero-gravity
case where natural convection would not be expected, the two sys-
tems should be almest equivalent, with a weight advantage for the
screen system. An advantage of both of these concepts is that
scaling to prevent migration of fluids across the boundaries is
not required. All parts of the systems operate at essentially
tank pressure and if the tank pressure should change, the pressures
through the insulation would raspc 1 accordingly.

For application in a one-g environment, the honeycomb cells
would be sized so as to effectively eliminace convection as a heat
transfer mechanism. The dimensionless parameter, Rayleigh number,
characterizes the natural convection of a cell. This number is
defined as follows: '

Ra=02Cpgd3AT/kuT

where:

density of gas

thermal capacity of gas

gravitational acceleration
characteristic dimension of cell
difference in temperature across cell
mean temperature

thermal conductivity of gas
viscosity of gas at temperature T

RN

F-? w»—lzn.co-f-?o

From Reference 7, it is estimated that the onset of convection in
a typical honeycomb cell occurs at a Rayleigh number of 7.000 to
10,000. For Rayleigh numbers sufficiently below this value, the
thermal conductivity through the honeycomb would be expected to
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approximate the thermal conductivity of the propellant vapor. In
the capillary screen concept, it is unlikely that convection could
be prevented in a one-g environment. This system would therefore
only be considered for zero-gravity applications,

2, Application of Ianternal Insulation

An analytical study was conducted to determine the potential
for improvement of a liquid hydrogen orbital storage system by
use of internal insulation in the vicinity of strong heat leak
points, For this analysis, the heat leak was assumed to be a pipe
segment connected tc the bottom of the tank. The liquid hydrogen
was assumed to be at 40°R and the opposite end of the pipe con-
nected to a constant temperature source at 400°R, For purposes
of the analysis, the bottom of the tank was simplified to a disk.
Irternal insulation was applied concentrically about the pipe
center, and its thickness and diameter were varied as parar. ters.
External insulation with an assumed effective thermal conductivity
of 5 x 1075 Btu/hr ft°R and 2-in. thickness was applied to the

tank, The pipe was assumed to be perfectly insulated.

A steady-state thermal network analysis program was used to
determine the heat leak due to the pipe, first with no internal
insulation and then with the insulation applied. The pipe was
divided into 20 segments of equal length, and the thermal con-
ductivity was calculated for each segment as a function of tem-
perature, The tank wall and the internal insulation were also
divided into 20 ring segments each, with thermal conductivities
calculated as a function of temperature. The internal insulation
in all cases was assumed to have a thermal conductivity equiva-
lent to that of hydrogen vapor.

Approximately 25 cases with variation of the various parameters
were evaluated, Table II-3 gives the results of the more signifi-
cant of these cases. Inspection of these results leads to the
conclusion that at best, the use of internal insulation would re-
sult in a small improvement in overall performance. For those
cases where a significant improvement is shown, an intolerable
heat leak exists with or without the internal insulation. Unless
a combination of materials were chosen to give a high heat input
with a tank wall of low thermal conductivity, the improvement
clearly does not justify the insulation,
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Although it is concluded that the internal capillary insula-
tion concept is not applicable to long term space storage of
liquid hydrogen, other potential applications seem more promising,
This insulation system appears to offer advantages in cryogenic
booster tankage systems and for ground storage and transport of
mild cryogens, Subsequent to the effort described above and in
Chapter IV, the concept has becn investigated in greater detail
for liquid methane storage. At the time of this writing, the
merits of the internal capillary (honeycomb) insulation system
for that application appear to warrant further research and de-
velopment,

1I-57
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III. PRELIMINARY DESIGN

A, INSULATION HEAT EXCHANGER AND TRUSS

A conceptual design and weight analysis was undertaken on a
heat exchanger to be mounted between the insulation blankets. Be-
cause of the large difference in surface area between the hemi-
spherical tank dome and cylindrical shroud plus the ends, it is
desirable to incorporate into this heat exchanger a means for sup-
porting the outer insulation blanket in the dome areas., The pro-
posed design is shown in Figure III-1. Arbitrary insulation
blanket thicknesses are shown, and a probable minimum tube spacing
of 18 in. has been selected for the study.

The dome tubing is supported on the insulation support truss.
The truss is a six-strut design with ring frames on 36-in. spacing.
The six struts are pin-joined at the dome-barrel junction as shown
in details A and B of Figure III-1. The strut-ring frame joint
including a typical tube support is shown in section C-C; section
D-D shows a typical ring frame insulation support member joint.
The inner strap stabilizes the inside frame flange. The dome
truss assembly complete with tube spiral and insulation is in-
stalled by means of bolts at the six pin join*s. Support dome
section details are given in Table III-1.

The barrel section tubing wrap is supported by the six tension
rods. The end joints of the reods are shown in details A and B of
Figure ITI-1. The rods are bolted to the tank truss at the aft
end (detail B), and an adjustable screw fitting is provided at the
forward end (detail A). The rods are pretensioned to 42,000 psi
stress at installation to allow a small tension load to remain
after tank shrinkage during cool down. Relative positions of tank
to shroud frame are shown in detail A for room temperature instal-
lation, tank cool down (~423°F) and cold tank plus 40 psi pressur-
ization. Detail E shows a typical ring joint at the aft end of the
truss to accommodate the tamk drain line.

The installation procedure is described in the following steps:
Step 1 - With insulated tank suspended within a handling ring

at the upper dome-barrel intersection, install and
ad just barrel section of heat exchanger;

ITI-1
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Table III-1 Insulation Support Dome Truss Details

I11-7

Location and Pemarks Frame Sirut

Frame 1 l<—1-5 ] '(——2.0-——>|

From the upper ¢ to the upper frame, __t

the strut cross-section is a full 0.75

I-beam. ‘ 2.0

0.00 K L 0.070 Typ

Frame 2 r—-—l.s c f'l‘rim Flange

One flange of the strut I-beam from * SN

frame 1 to frame 4 is tapered. ‘b 0.75

2.0

- |«-0.070 Typ

i

Frame 3 4—1.5_)| _i {__‘Triu Flange
0.75 2.|0
0.030 T i >ite- 0,070 Typ
:::l‘ﬁ
le1.0
€] .
Frame 4 0>

Strut has been trimmed to a channel

=

section at this point. 0.75 2.0
o.030 A ! »{|e0.070 Ty
L.:
1.5 0.75
Frame 5 '1—— —)I
—*— f [—
0.7
0.030 ' 2.0
: Y L—- €-0.070 Typ
. e |
Frame 6. r__.l,s__, "—-‘F" 0.75
0.75 2.0

] [-0.070 Typ

=

iy s s

L
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Step ~ Position insulated tank and heat ewchanger in shroud
section of approximate length of tank barrel with
shroud insulation installed;

Step 3 - Attach and adjust lower and then upper tank surports;

Step 4 - Install preinsulated lower drme truss. Close out heat
exchanger connections. Close out truss-mounted ins:la-
tion blanket to form staggered butt joint with shroud-
~ounted insulation blanket;

Step 5 nstall lower shroud skirt. Transfer load from han-
dling ring and remove;

Step 6 - Install upper dome truss as in Step 4;
Step_7 - Install upper shroud skirt.

The support trusses and rods were constructed of 7075-T6 alumi-
num alloy material and the small standoff attachment trusses of
glass filament composite rods. The heat exchanger configuration
shown, considered to be an adequately conservative design, consists
of approximately 2000 ft of 0.75 in. 0.D. x 0.035 in. wall aluminum
tubing. The fin is a 0.005 x 4 in. aluminum sheat raz d to the
tube. The tube and fin are painted flat black to maximize iadiative
heat transfer. Lengths of tubing aie joined by brazing with sleeve
couplers. Except for the close-cut connections, these joints can
be adequately leak checked prior to installation.

The heat exchanger tube is internally plated with platinum or
coated with a more active catalyst to effect continuous conversion
of the vent gas to its equilibrium para-ortho composition. The
chemical kinetics of thit¢ catalvtic conversion pioc»ss were not
fully evaluated. Since flow in the tube is laminar in nost in-
stances, the incorporation of turbulence promoters at the tube
joints may be necessary to achieve near complete conversion. In
any event, testing of the catalytic converter design wili be re-

quired.

The r-at exchanger installation weight is itemized in Table
IIT-?. From thi: design analysis, it is concluded that a radiative
heat exchanger structure supported from the tank at the upper and
lower barrel-dome junctions is practical and can be f-bricated at
ar attractive weight when compared to predict<d boiloff loss re-

ductions.
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Table I1-2 Weight Statement, Liquid
Hydrogen Tank Heat Ex-
changer and Insulation
Truss (18-in. Tubing Spacing)

Weight (1b)
Top Dome
Structure:
Strutse 48.0
Ring Frawmes 39.0
Insulation Supports 12.0
Tank Attachment 2.5
Heat Exchanger:
Tubirg 45.4
Fin 11.8
Barrel
Structure:
Rods 2.0
Fittings 4.5
Heat Exchanger:
Tubing 95.2
Fin 24.4
Aft Dome
Structure:
Struts 48.0
Ringz Frames 39.0
Insulation Supports 12.0
Tank Attachment 2.5
Heat Exchanger:
Tubing 45.4
Fin i1.8
Total 443.5

ITI-9
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B. INSULATION SYSTEM DESIGN

A number of attractive concepts for assembling blankets of high
performance multilayer insulation have been developed. All are
based on the use of lightweight reflective foils such as aluminized
mylar. The primary point of departure among these concepts is in

' the method of minimizing conductive heat transfer between the

' foils. It has not been aa objective of this study to evaluate the
various insulation systems, such as crinkled mylar, net or foam
spacers or floced foils. Rather, insulation has been considered
parametrically in terms of its properties. However, in evaluating
the design of an integrated hydrogen storage system, consideration
was given to the assembly and installation of the insulation.

For purposes of this study, an insulation system made up of
aluminized wylar and a net spacer material has been chosen. Such
systems, cn the basis of past investigations, offer acceptable
thermal periormance and ease of handling. The foil and net spacer
system can be fabricated and installed as preformed panels and may
offer advantages in blanket thickness control. The following para-
graphs present a design concept for application of this type of
insulation to the two-blanket configuration required for the cooled

. insulation schewe.

Double aluminized mylar, 0.15-mil thick with 800 Angstrom alu-
minum thickness on each side, is used for the radiation shields.
The 0.15-mil mylar appears to offer adequate stremgth and a weight
improvement over 0.25-mil material. Contact with water causes
serious degradation of the reflective characteristics of the alu-
minum film. It is therefore assumed that the quality of the re-
flective filam will be continuously monitored during fabrication
of the blankets, and that the insulation will be maintained in a
moisture-free environment at all times thereafter. This would be
accomplished by maintaining a dry nitrogen purge on the system
during storage, shipment, and assembly of the stage. Because of
the larze expense and time that would be required to replace the
insulation on a large scale tank, the use of gold rather than al-
uminum for the reflective coating must be considered. Though less
data is available on gold-plated foil, its advantages in durability
and improved performance are well established. In the large quan- f
tity required for an SIV-B scale tank insulation system, the addi-
tional cost may not be a highly significant factor.

?
'
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Nylon netting has been assumed as the spz-er material. This
material is readily available, but has disadvantages in terms of
weight, thermal contraction, and outgassing. Silk and dacron nets
have also been used. It is suggested that a knitted net offers
advantages in the formulation of a lightweight insulation blanket,
but that the selection of materials commercially available at this
time is not adequate to permit optimization of this type of insula-
tion system. Compared to the cost of assembly and installation of
a space vehicle insulation system, the setup charge for fabrication
of netting to new specifications is negligible. The determination
of specifications for ar optimum spacer material is not straight-
forward, however. Variations include material, yarn size and type,
mesh, knit pattern and finish, with an unlimited number of possible
combinations. Research and development in the area of knitted
spacer materials for high performance insulation systems is there-
fore recommended.

The proposed blanket assembiy is depicted in Figure III-2. It
consists of an inner and outer structural net with alternating
layers of aluminized mylar and spacer material. Depending on the
spacer characteristics, an advantage may be gained by using two
nets per foil, particularly toward the cold side. The blanket is
assembled with closely spaced threads (possibly 3 or 4 in. spacing)
tied between the structural nets or between plastic disks attached
to the structural net. Thickness of the blanket is controlled by
mechanically gaging the length of the thread. A small preload is
designed into the blanket to improve dimensional stability. Diag-
onal threads are installed in the direction of the primary load on
the blanket to limit slippage and compression of the blanket during
boost loads. A hot needle is used to penetrate the mylar foils
through which the threads pass. This technique will provide a re-
inforced hole with much greater strength than the torn opening made
by a cold needle.

For a long term mission, perforations for venting the insula-
tion should be kept to a minimum. This winimum perforated area
would be greatly affected by any long term outgassing tendency of
the spacer material. For the purge system to be described below,
the perforation requirement may be determined by the purge gas flow
requirements. In both instances, experimental data will be re-
quired. )

ITI-11
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The tank-mounted insulation is prefabricated into 14 (or fewer)
form-fitting panels as shown in Figure III-3. 1Insulation lay-up
mandrels, as suggested by Figure III-4, will be required for the
various forms. Handling fixtures will also be required to trans-
fer the insulation blankets from the lay-up mandrels to the tank
for installation. The shroud- and truss-mounted insulation blan-
kets would be similarly treated.

C. INSTALLATION OF INSULATION

Attachment of the insulation blankets is as shown in Figure
ITI-5. The primary structural attachment is by means of snap and
curtain fasteners attached to dacron ribbons which, in turn, are
fastened across the full length or breadth of the panel. These
fasteners are located on all sides of each blanket, with mating
pins bonded to the tank or shroud. At frequent intervals (approxi-
mately 1 ft) over the surface of the blanket, Velcro pile strips
are bonded. Velcro hook strips are mounted on the tank or shroud
at right angles to permit engagement with small alignment errors.

The junction between insulation panels is a butt joint with
strips of aluminized mylar interleaved adjacent to each aluminized
mylar foil. These strips are secured in place with small strips
of mylar tape at appropriate intervals. This technique for mini-
mizing radiation leakage through the blanket has been successfully
applied to the integrated insulation system test (tank-mounted in-
sulation) and is judged to be fully practical with regard to manu-
facturing methods. Inner and outer structural nets of adjacent
panels are stitched together over the full length of the butt
joints.

D. PURGE AND VENT SYSTEM

Figure I1I-6 depicts the overall insulation configuration for
the purge and vent system. The outer insulation blanket is mounted
to the shroud in the area of the tank barrel section. In the vicin-
ity of the tank domes the blanket is mounted to the hemispherical
heat exchanger truss. Near the tangency point between the shroud
cylinder and the heat exchanger truss, the blanket swings freely
between the two, to permit the two blankets to be joined. A stag-
gered butt joint is employed at this close-out junction, without
interleaving.




i - R -

I11-14

MCR-69-405

Figure III-3 Preformed Tank Insulation Panels
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Figure 1II-4 Insulation Blanket lay-up Mandrel
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Conical insulation blarkets are attached with clamps to the
major pipe penetrations. These blankets are designed to approxi-
mately preserve the temperature gradient within the insulation
blanket, resulting in a fixed heat flux per unit area and minimum
heat flow along the insulation layers. These cones are joined to
the tank and shroud blankets by interleaved preformed split col-
lars of aluminized wmylar. A simple coiled stainless s.eel tube
heat exchanger is welded or brazed to the tank drain line to in-
tercept and reduce heat leakage from that source. A

The heliuwm purge gas is fed through aluminum tubing distribu-
t on manifolds attached to the tank and to that area of the shroud
on which insulation is installed. Orifices are located uniformly
over these areas to meter a continuous flow of purge gas. The
orifices are sized to require a significant pressure drop, allow-
ing the manifold to operate at a pressure that is high compared
to flow losses through the system. In this manner, the pressure
is nearly constant at all points and the flow distribution will
be uniform throughout. A secondary purpose of the close spaced
Velcro fasteners is to provide a spacing between the insulation
blanket and tank or shroud to improve the distribution of the
purge gas.

The path of the purge helium is as follows: The gas that is
distributed over the tank surface flows through the tank-mounted
insulation into the region between the blankets. That ges which
is distributed on the shroud surface likewise flows through the
insulation to the region between blankets. To escape from this
area, all of the gas then flows through the forward ard aft truss-
mounted insulation blankets into the shroud ends. These r.gions
are assumed to be ventiiated, or to be connected to a helium re-
covery system. Flow rate and pressure drop through the insulation
must be adjusted so :nat the static pressure in the region between
insulation blankets is sufficiently great to minimize hydrostatic
effects on the purge flow pattern.

To assure proper venting of the insulation system in space,
vent valves are installed through the outer insulation blanket as

shown in Figure II1-6. These valves, installed in fiberglass ducts

with radiation barriers, are actuated by a pressure (altitude)
switch with explosive actuators. If the shroud ends are not suf-
ficiently open to the environment, addirional valves or an alter-
native installation of the above ducts to the cutside, wiil be
required.

Caetrs 3
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E. TINTERNAL HEAT EXCHANGER

The thermodynamic vent system requires a heat exchanger either
within or on the tank wall to assure vaporization of all vent fluid
at the tank temperature. The heat exchanger shown in Figure III-7
represents a simple, lightweight approach to the problem. In the
actual design of a space vehicle, this heat exchanger could be
mounted on slosh baffles or other internzl hardware. 1In the pres-
ent design, approximately 600 ft of 0.75-in. 0.D. x 0.035-in. wall
aluminum tubing makes three passes through the tank. 1In this manner
the vent fluid is used to trarsmit heat from warm to cold areas of
the tank to minimize temperature gradients, and to limit to a small
amount any uncooled pockets of fluid near the tank wall. The
weight of this heat exchanger is estimated to be 83 1b.

Thermal analyses on the internal heat exchanger indicate that
this design is adequate to remove all heat reaching the tank and to
limit therm. stratification to a maximum temperature differential
within the tank of approximately 5°R. Thus, when the highest 1ig-
uid temperature is being held to 40°R by the control system, some
liquid may be as cold as 35°R. However, such analyses are based
on assumptions as to the nature of heat transfer and liquid posi-
tion in a weightless environment. Any design of a thermodynamic
vent system should take into account the best data then available,
hopefully from large scale orbital exneriments.

F. VENT CONTROL SYSTEM

Analysis has shown that efficiency of the heat intercepting
vent system is greatest when the vent flow rate is constant. This
would suggest that a throttling control system be used to minimize
cycling. However, the complexity of throttling valves and control-
lers is not attractive for a long term space operation. Figure
IT" 8A illustrates a proposed system using on-off pressure switches
and valves to achieve a reasonable approximation to steady-flow
conditions. By utilizing three properly sized flow restrictors,
flow rates of 0, 75, 125, and 4007 of the nominal flow rate c2n be
obtained. Under normal conditions, then, the flow wiil cycle in
the range of nominal #25%. For transient or off-normal conditions,
the 0 and 4007 positions permit control of tank pressure to be
maintained.
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Detail A

Detail B

Figure I11-7 (ccocluded)
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In order to eliminate the problem of possible freezing of hy-
drogen in the system due to low back pressure, a two-stage, on-off,
back pressure regulation system is included. Since back pressure
is .ot as critical as flow rate on system efficiency, cycling of
tliese valves to hold the pressure within reasorable bounds should
be acceptable. Figure III-8B illustrates the same system, but w*
redundant components for increased reliability.

G. NONMETALLIC COMPOSITE TANK SUPPORTS

In the reference vehicle previously described, a significant
amount of heat reaches the tank through the titanium tank support
members. Further, the thermal performance of the titanium system
is dependent on the thermal contact resistance offered by a series
of stainless steel washers. The actual force acting on these
washers, and consequently the heat leak, is difficult to predict.
The structural and thermal properties of several nonmetallic com-
posite materials appear attractive as a means of reducing struc-
tural heat leak. 1In addition to the thermal analysis reported in
Section II, which indicated that a significant gain wmight be
achieved, a design analysis was undertaken.

Primary considerations are the same as for the metal support
design. The new waterial should have as good as or better strength
characteristics and lower thermal conductivity, and should lend
itself to reasonably simple manufacturing techniques and low cost
producibility and maintenance. Two materials from the composite
material field were selected for design evaluation: boron and S-
glass. These materials have high strength-to-weight ratios and
low thermal conductivity; however, both have some drawbacks. S-
glass has a very low modulus of elasticity, making is susceptible
to buckling. Boron fibers are brittle and fragile in many appli-
cations where a small bend radius is required. In spite of these
problems, however, recent literature indicates that boron eventu-
ally may become very prominent for designs such as struts, landing
gear, and column applications.

e desh e, BV
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In reviewing the history of boron as a structural material,
we find that initially it was almost impossible to produce boron
fibers with constant strengths and modulii. External flaws could
be traced to deposition techniques of the boron-to-tungsten core.
Large residual stresses were also encountered during the produc-
ticn operations due to heat. At first, acid etching processes
were developed to rid fibers of surface flaws, but boron fiber
producers have made excellent progress in solving this problem and
the residual stress problem, and are now producing high quality
fibers without flaws and of good consistancy. Other problems fac-
ing the producers were oxidation and physical damage during han-
dling. Sheath coating processes have successfully been developed
and fibers can now be grouped and wound around large diameter
spvols for safe handling.

The next step was to discover useful and practical ways to use
boron fibers. The answer was boron composites, both metallic and
nonmetallic. For the purpose of this study, to reduce heat trans-
fer, a nonmetallic boron composite is the most beneficial form. A
unidirectional boron fiber, resin-impregnated tape was found to be
the best choice for this application. Constant strength and mod-
ulus are required of an efficient composite. Through testing of
boron composites, it has been increasingly evident that the strength
and modulus are highiy dependent on precise spacing of the filaments
so that each filament can react loads equally. Unequal loading can
cause a breakdown in the matrix system and expose filaments to fail-
ing shear loads. Testing of good quality boron filaments indicates
an average tensile stress of 400,000 psi and one of the more suc-
cessful projects using boron tape on filament-wound pressure ves-
sels shows an average fiber tensile stress of 236,000 psi at 75°F
and 273,800 psi at -320°F (Ref 8).

Fiberglass-reinforced composites are not new to the airborne
structural field. Composite structures have been used in fairings,
rudders, and heat shields for aircraft. One of the latest glass
composites that has been developed for higher strength potential
is S-glass or §-994. S-glass is a fiberized glass composed of 65%
$i05, 257 A£,0, and 10% MgO. The principal attraction of S-glass
composite is its tensile strength, but it also offers low density,
appreciable corrosion resistance, and low fabrication and mainte-
nance cost. Tested tensile values of S-glass composites have
ranged in the neighborhood of 280,000 psi to 290,000 psi (Ref 9),
more than twice that of titanium. Compressive stress is also ;
slightly higher than that of titanium at approximately 136,000 |
psi; but, with only an 8 x 105 psi to 9 x 105 pei modulus (Ref 9), |
S-glass composite becomes somewhat undesirable for stiffness ap-
plications,
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For the stress analysis, allowables used for both composites
are as presented in Table III-3 taken from Ref 9. The allowables
are room temperature values. However, all indications are that at
cryogenic tumperatures the values become slightly better.

Table III-3 Mechanical Property Comparison

Property Titanium ]Boron Composite |S-Glass Composite
Young's Modulus, psi | 16 x 10° 39.2 x 10° 8.42 x 105
Ultimate Tensile
Stress, psi 130 x 10° 186 x 10° 280 x 10°
Ultimate Compressive
Stress, psi 126 x 10° 230 x 10° 136 x 10°
Density, 1b/im 0.160 0.076 0.074

The design of the boron epoxy lower support tube is shown in
Figure III-9. A primary problem to be resolved in this design is
the equal distribution of tension and compression loads through
the fibers. For maximum strength, the fibers are aligned parallel
to the load axis. The design concept presented here relies on a
metal insert with a curved profile to transfer tension loads to
the fibers. The boron fibers, in a preimpregnated tape form, are
laid up over a thin wall aluminum mandrel, and overwrapped on the
ends to conform to the profile of the metal insert. Overwrapping
of the boron in this area with graphite and epoxy resuits in a
restraint of the longitudinal fibers, and a tension failure of the
graphite must occur before the joint can fail. After curing of
the assembly, the aluminum mandrel is etched away. The boron fi-
bers are preloaded due to the curvature resulting from conformance
to the end fitting, and a degradation of load carrying capacity
therefore results.

After curing of the epoxy, the ends, including wmetal, boron,
and graphite, are machined to a flat surface perpendic:” -+ to the
tube axis. Assembly of the threaded end pieces into tn. tube in-
serts provides for compressive loading of the fibers. To compen-
sate for irregularities in the machined tube end surfaces, a room
temperature curing epoxy filler is applied before assembly of the
end fittings. Depending on the characteristics of the bond between
the metal inserts and the boron epoxy, a small slippage cf the in-
sert may occur when the tube is initially loaded in tension.
Therefore, as part of the manufacturing procedure, each part should
be loaded to its design load in tension prior to wmachining the
ends. Experience indicates that after the initial loading, no fur-
ther slippage will occur.
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Because of the high compressive strength of the boron epoxy
composite and primarily tension loading on the lower supports, the
design of the boron support was governed by tension requirements.
Therefore, a minimum tube diameter was chosen. A 507 volumetric
fiber content is assumed. This is achieved by use of boron tape,
0.125-in. wide and approximately 0.005-in. thick. The tape is
made up of approximately 25 to 29 boron fibers about 0.004-in.
maximum diameter and bonded together to form a boron tape. The
boron tape is then laid up using the polaris resin system for the
composite matrix. The polaris resin system consists of EPON 828
and 1032 with methyl nadic anhydride in proportions of 50, 50, and
90, respectively. This resin system was selected on the basis of
its good bonding adhesion to the boron fibers, plus its applica-
bility to cryogenic applications and its desirable overall proper-
ties. Because the 0.004-in. fibers are formed over a 3-in. radius,
a degradation of strength of about 167 will result. The metal in-
serts and end fittings are of 6AL-4V titanium heat treated to a
160,000 psi tension allowable. Titanium is used because its ther-
mal expansion characteristics are most compatible with those of
the composites.

The glass epoxy lower support tube design is shown in Figure
I11-10. The material used is 20 end roving S-glass. Again the
polaris resin system was chosen for the reasons noted above. The
same concept is used for transmitting tension and compression loads
to the fibers as that described above for the boron tube. Because
of the small fiber diimeter, the degradation of fiber strength
caused by conformance to the 3-in. radius of the metal insert is
expected to be negligible. Compression loading governs the design
of the S-glass epoxy lower support. The section has been sized
for the condition that the local critical crippling stress equals
the Euler stress, resulting in a minimum column section &avea.

An alternative design for the upper tank support of S-glass
epoxy is shown in Figure III-11. This tube is loaded in tension
only and is therefore designed with a minimum diameter. Tension
loads are transmitted to the glass fibers in the same manner as
the composite lower strut designs. Because of the lower elastic
modulus and the greater tensile strength of the glass epoxy, maxi-
mum tank motion is 0.310 in., compared to 0.100 in. for the titan-
ium stabilizer system. Because the upper support is loaded in
tension only, no advantage would result from the use of boron
epoxy. A weight estimate for the composite structural elements
is tabulated. :

Weight (1b
S-glass epoxy lower support 0.63
Boron epoxy lower support 0.56
S-glass epoxy upper support 0.32
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IV. EXPERIMENTAL PROGRAMS

A, INTERNAL CAPILLARY INSULATION,
FEASIBILITY DEMONSTRATION TESTS

Small scale table top tests were conducted to demonstrate the
feasibility of the honeycomb and the capillary screen concepts
for positioning a gas layer between the liquid and the tank wall,
The basic test apparatus for the honeycomb concept is shown sche-
matically in Figure IV-1, It consisted of a cub®-al plexiglas box
with inside dimensions of 6 in, The insulation specimens to be
tested were mounted on the bottom and one wall of this box, Each
specimer: of insulation was made up as follows: A piece of 0,5-in.
thick plate glass was used as a base, A heating wire of 30-gage
nichrome wire was attached to the outer side of the glass with
Delta Bond 157 epoxy adhesive, Honeycomb material, 0.5 in, thick,
was attached to the inner side of the plate glass, The honeycomb
was made of phenolic impregnated cloth with flattened hexagonal
cells approximately 0.3175 x 0,1875 in, in size, The glass was
coated with a thin layer of Narmco 7343 adhesive and the honeycomb
pressed into the adhesive., The open end of the honeycomb was
closed with a capillary barrier sheet of 5-mil mylar sealed to
the honeycomb with a thin layer of Narmco adhesive, Figure IV-2
shows two specimens in various stages of construction, A small
hole was drilled thrcugh the mylar into each cell with a number
76 size (0.020 in.) drill, A 0,25-in, thick piece of cork board
was installed over the mylar sheet with a separation of approxi-
mately 0.0625 in, Figure IV-3 shows the assembled test article
with foam insulation, This insulation proved to be unsatisfac-
tory and was replaced with cork,

Sixteen copper/constantan thermocouples were used to measure
the temperature at various levels in the specimen, The arrange-
ment of these thermcouples is shown in Figure IV-1, Wattmeters
were used to determine the hest load applied to the specimen by
the integral heaters,

Pentane was used as a test fluid because of its near ambient
boiling temperature, The test vessel was filled with pentane and
the heaters activated, In order to purge the air from the cells,
the honeycomb temperature was brought to about 125°F then allowed
to cool, At times it was necessary to run this heating and cool-
ing cycle several times before the cells were filled with liquid,
When the cells were filled, the power to the heaters was adjusted
to the desired setting and the test was run until the temperatures
throughout the test specimens were steady.
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X = Thermocouple
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Figure IV-1 Honeycomb Internal Capillary Insulation,
Feasibility Test Schematic
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1., Results of Test No, 1

This test was designed primarily to check out the test appa-
ratus and determine if the liquid can be driven from the cells,
With the cells full of liquid, the bottom heater was energized
with 100 watts, In 20 minutes all of the cells appeared to be

empty, The temperature of the hot side of the honeycomb was 300°F,

The second part of this test was conducted to determine if
the vertical section of insulation would perform as predicted,
The plan was to apply 40 watts of power to the vertical heater
and take motion pictures to visually record the emptying of the
cells, However, the heater was not needed as when the sun gun,
used for illuminating the cells, was turned on, it supplied suf-
ficient radient energy to force the liquid from the cells,.

2. Results of Test No, 2

This test was made to obtain motion pictures of the evacuation
of the horizontal honeycomb section. With the cells filled with
liquid, 120 watts of power was applied to the heater, It required
approximately 20 minutes at this power setting for the liquid in
the cells to be evaporated, This test run was also photographed,
When the liquid had been evaporated, the power was reduced to
40 watts, the system wrapped in foam insulation, and allowed to
reach steady state, After 2 hours, the temperatures were rela-
tively constant at the values listed,

Liquid side of cork insulation - 78°F
Space between cork and barrier plate -~ 85°F
Junction of honeycomb and glass plate - 102°F
Outside of gla plate - 190°F

3. Results of Test No, 3

Starting with all cells filled with liquid, power was applied
to bottom heater (30 watts). In approximately 35 minutes most
cells were dry so power was reduced to 20 watts, After 100 min-
utes some cells appeared to be refilling. Power was increased
to 25 watts, After 30 minutes there appeared to be no change so
power was increased to 100 watts to dry cells, After 15 minutes,
cells were dry so power wes reduced to 30 watts for 40 minutes
then 28 watts for 40 minutes, Temperatures appeared stable, so
test was secured. The steady-state temperatures are listed.
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Liquid side of coir. insulaticn - 78°F
Space between cork and barrier plate - 85°F
Junction of honeycomb and glass plate - 141°F
Outside of glass plate - 160°F

From these tests it can be concluded that the insulation sys-
tem tested did indeed function to impose a gas layer between the
liquid and the heated tank wall, When the heat flux was above a
miniw . level, the tank wall could be maintained considerably
above . boiling temperature of the liquid, and the system was
operanlie with the bulk of the liquid below the boiling tempera-
ture. The results of test No. 4 verify that there is a minimum
heat flux at which the system is operable, Because this test was
not designed to give accurate data, the actual threshold flux
could not be measured, Similarly, because of heat leakage to the
surroundirgs, an apparent thermal conductivity of the honeycomb-
gas layer could not be determined, However, this k value was es-
timated at 0.1 to 0.2 Btu/hr £t°F, much higher than the conductiv-
ity of pentane vapor. The Rayleigh number was calculated to be
in the range of 12,000 to 15,000, whereas natural convection is
predicted to become significant at a critical Rayleigh number of
7,000 to 10,000, It is therefore assumed that much better per-
formance could be obtained by reducing the cell size,

A model to determine feasibility of the capillary screen con-
cept was also fabricated and tested. This model was made iden-
tical to that for evaluating the honeycomb concept, except that
a single layer of 325 x 2300 mesh dutch twill stainless steel
filter cloth was substituted for the honeycomb and capillary cover
plate., Figure IV-4 shows this model, completed except for the
layer of cork supplemental insulation, Instrumentation and power
supplies were identical for the two test setups,

The same tests reported above were attempted for this concept,
The vértical compartment was observed to very quickly pump out
the originally ccntained liquid, However, when dry, the gas layer
did not remain stable, After a short time, depending on the heat
flux, the compartment would suddenly refill (at least partially),
Then the emptying process would begin again, and the system would
continue to cycle from empty to full to empty. The bottom com-
partment appeared to be cycling also, but did not become totally
dry,
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An explanation is offered for the failure of the capillary
screen system to function as predicted, Boiliag occurs in the
space between the screen and the cork, as was observed in the
honeycomb system, When bubbles are formed in this region, the
screen tends to heat to a temperature greater than the boiling
point of the liquid, The screen then becomes totally dry in this
spot, and no capillary action is possible, No difference in pres-
sure across the screen can then exist, Thus, in a still wet re-
gion, liquid moves through the screen due to hydrostatic forces,
In the honeycomb system, this same drying of the capillary open-
ings occurs, but because the cells are isolated from each other
no breakdown occurs,

It is therefore concluded that the capillary screen internal
insulation concept previously described is not suitable for one-g
applications. Whether this same behavior might occur in a zero
gravity environment is subject to question, However, a similar
behavior might be predicted, In the zero-g case, capillary wick-
ing action in the space between the screen and tank wall could
replace the gravity effect to cause liquid to flow into that re-
gion when the screen develops dry spots,
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B, STRUCTURAL MATERIALS AND COMPONENTS THERMAL
CONDUCTIVITY TESTS

In the analytical evaluation of heat leak through the struc-
tural support members, it became apparent that available test
data on the thermal conductivity of nonmetallic composite mate-
rials were inadequate, particularly at low temperatures, In-
formation was likewise scarce regarding the thermal contact
resistance afforded by multiple stacked washers and self-align-
ing bearings. A limited test program was undertaken to develop
additional thermal conductivity data for these materials and
components, Composite materials chosen to be tested were S-glass
epoxy, boron epoxy, and graphite epoxy. A commercially available
self-aligning spherxcal bearing, and an assembly of two groups
each consisting of 150 stainless steel washers arranged for
transmission of tension and compression loads, were also tested,
In the case of the latter specimens, force applied axially on
the specimen was varied as a parameter, All specimens were tested
at reduced temperatures, 175°R or below,

In the case of the nonmetallic materials, a cylindrical tube
section was chosen as the specimen configuration because the
shape and method of laying up the composite materials could in-
fluence their thermal conductivity, Therefore, these specimens
were fabricated in a manner similar to, and in the approximate
size of, actual structural support members.

A schematic description of the thermal conductivity test
apparatus is shown in Figure IV-5, A liquid hydrogen tank pro-
vides the heat sink and reduced temperatures necessary for the
test, The measurement assembly is attached below the hydrogen
tank and consists of the specimen, upper aad lower heaters, and
a shroud, The entire assembly is insulated and installed in a
vacuum chamber, The test is conducted by applying power to the
lower heater and measuring the temperatures of each end of the
specimen, An upper heater and a thermal resistance are installed
between the shroud and the hydrogen tank, This arrangement per-
mits the test section temperature to be raised to a value above
that of the hydrogen tank with application of power to the upper
heater, The boiloff rate and the power to the upper heater are
not parameters required to determine the thermal conductivity of
the specimen, The shroud is thermally well connected to the
upper mounting plate, and the entire enclosure operates within a
few degrees of the upper surface temperature, The specimen is
insulated; the insulation is in a thermal environment approximat-
ing the temperature of the cold end of the specimen,
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Figure IV-5 Thermal Conductivity Test Apparatus for Nonmetallic Composite
Tube Specimens, Schematic Diagram
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Instrumentation consists of chromel constantan thermocouples
to measure the specimen end fitting temperatures and voltage,
and current measurements to determine the power to the lower
heater, In the first checkout test, a number of thermocouples
were installed on the shroud and hydrogen tank, and additional
thermocouples and resistance thermometers were installed on the
specimen end fittings, It was found that two thermocouples at
each end of the specimen were adequate as they closely followed
each other and the resistance thermometers, Test data were
recorded on strip chart recorders and/or logged manually from
digital voltmeter readings,

The assembly and installation of the test specimen is
illustrated schematicallv in Figure IV-6, Aluminum rings,
machined to provide an irterference fit with the inside of the
specimen, are first shriak-fitted into each end of the specimen
(Figure 1V-7), These rings are 0,125-in, in length and 0,125-in,
in wall thickness, and serve to provide thermal contact with the
inside of the specimen, The specimen, with rings in place, is
bonded into the upper end piece that is made of aluminum, and
is in the form of a flange for attachment to the upper mounting
plate. Tolerances are controlled so that the inner ring and
that part of the end piece which fits over the specimen align
within 0,005 in,, to provide thermal contact over a fixed length
of the specimen, The active length of the specimen is the dist-
ance between the metal end pieces,

The specimen is internally insulated with alternate discs of
aluminized mylar and nylon netting, Ventilation is provided
through a 0,0625-in, hole drilled in the lower end fitting. The
lower fitting is then bonded to the specimen with the internal
ring in place, A high thermal conductivity epoxy, Delta Bond
152, is used in the assembly of the specimen, While high for
epoxy, the thermal conductivity of the bonding material is little
higher than that of the specimens (if not lower), However, ef-
fects of this thermal resistance are kept to a negligible value
by maintaining small clearances on the mating pieces, so that the
ratio of the area of the epoxy to its thermal path length is very
great, The lower heater, consisting of a pair of electrical
resistors bonded to the lower fitting, and the thermocouples are
now installed,
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Figure IV-6 Thermal Conductivity Test Specimen Installafion,
Schematic Diagram
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Figure IV-7 Specimen Assembly Details

Next the specimen is externally insulated, As shown in .
Figure IV-6, individual insulation layers are formed so as to
make concentric bags around the specimen ‘and lower heater, This
is accomplished by first cutting squares of adequate size of
aluminized mylar and nylon netting and perforating each with a
hole of the same diameter as the outside of the tube specimen,

A short radial cut from the hole is made in each foil and spacer,
to permit assembly over the tube. All layers of the insulation
are then assembled flat over the specimen with each layer of
mylar separated by two spacers, The foils are rotated so that
the radial cuts are not aligned, The cuts are repaired with
mylar tape as the foils are properly positioned., Starting from
the lower end, each layer is formed so as to enclose the heater,
Excess material is trimmed and the closure is secured with mylar
tape. The instrumentation and heater lead wires, which must be
folded through the insulation, are not shown in the schematic,
This is done in such a manner that at leuast 1 ft of each wire is
enclosed in the insulation, A typical specimen after insulation
is shown in Figure IV-8, The shroud is then installed and in-
sulated as shown in Figures IV-9 and IV-10, Finally, the entire
assembly is installed in the vacuum chamber,
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For the stacked washer and self-aligning bearing tests, a
dual bellows force mechanism is added to the test assembly as
shown schematically in Figure IV-11, Determination of the thermal
conduction of the component is again accomplished by measurement
of the temperatures at each end of the component and the electrical
power applied to the lower heater, The fiange below the lower
heater is comnected to the bellows assembly by an S-glass epoxy
tube, to minimize the loss of heat to the bellows unit, In
principle, this test configuration is insulated in the same
manner as described above for the tube specimens, In practice,
however, the insulation of these specimens was moch more dif-
ficult to accomplish and the thermal leakage through the insula-
tion to the surroundings was more difficult to estimate, Figure
IV-12 shows the force mechanism with the stacked washer specimen
installed, prior to insulation. A force was applied to the
specimen by pressurizing one or the other of the bellows, depend-~
ing on whether a tension or compression loading was desired, The
other bellows, exposed to local atmospheric pressure, was purged
with helium to prevent condensation of air in the bellows,

The structural materials and components tests were conducted
on a three-shift basis because each test ran at least 48 hours,
Using the above described equipment, the tests were accomplished
in the following manner, After installation in the vacuum
chamber and pump down to a pressure of 5 x 10™ mr hg, or below,
the hydrogen tank was purged with helium and then filled with
liquid hydrogen, No power was applied to either heater until all
parts of the system had come to their equilibrium tempevatures,
At this point, data recordi: g and/or logging was begun, To
obtain the lowest temperature data point, a power was established
and then applied to the lower heater to result in an expected
temperature difference of 10 to 20°R across the specimen, This
power level was maintained until the entirz system again stabilized,
A second power setting was then based on the actual temperature
difference attained during the first test, After obtaining data
with two or three power levels on the lower heater and with the
upper heater unpowered so as to maintain a minimum cold end
temperature, power was applied to the upper heater to raise the
cold end temperature, After several steady-state tests had been
completed with the cold end temrerature helow 100°R, the hydrogen
was transferred out of the tank, The rate of temperature rise-of
the cold end of the specimen was then regulated by adjustmaint of
the power applied to the upper hezter, Since the natural warmup
time of the system was on the order of 5 to 7 days, almo.: any
desired temperature rise rate could be programed,

*

i e pate i

A ok

AL (¢ xco P

POy N ¥ T e e




Iv-18 MCR-69-405

=
I

d .
4
4
|4
AT 1
YVVWVY o
A - -

1

AARAAA
AANAAAL

Figure IV-11 Structural Component Test Configuration
with Force Mechanism, Schematic Diagram



..
S S
e - -

.
.
o
- - 3 e
. o
= - =
o

-

e

T
-

L

g
st
o
4ot
25
=
+d
=
g
&
A
o
W
=
h
5
U
=
e
o
=
=
&
2
&
E
St
5
£
ol

LB Wil

L

- e
. //a/////

o

e e S
.

e

oo

lechan

i aaa

u
.

- T ..
.

.

TR N S
.
e .

P e

- e

i
%

SSaaw

Yo

e
S

N

U/.

e
- i
L

L

oS

-
= o

il .

S SN
S
-
.
s

Figure IV-12




Iv-20

" ower

MCR-69-405

From this point, a test plan was followed that was designed to
obtain the maximum data coverage possible in the time available
before weekend shutdown or programed termination of the test.
Data was acquired under transient and near steady-state condi-
tions that could be obtained by careful regulation of power in-
put. The temperature difference across the specimen was also
varied during transient data recording and between steady-state
data points,

Data Reduction - For those test data obtained under steady-
state conditions, i.e,, steady power input and constant end tem-
peratures, direct computation of the thermal conductivity of the
specimens could be made without consideration of the energy re-
quired to change the temperature of the various thermal masses
associated with the hardware. Some of the data, however, were
recorded during the transition from one point to another, Re-
duction of the composite tube specimen data was accomplished by
a computer program that included correction for losses through
the insulation installed around the specimen and through the
power and instrumentation lead wires, In addition, the program
provided compensation for the energy absorbed or given up by
the thermal masses, The effective thermal mass consisted pri-
marily of the aluminum end piece, but also included the insula-
tion, a portion of the lead wires, a portion of the sample, etc.
Therefore, the actual thermal mass used was varied during re-
peated iterations, Its initial value was taken as that of the
aluminum end piece, and it was increased upward by steps, The
thermal capacity of this mass was considered to have the charac-~
teristics of aluminum, Thus, by plotting the apparent thermal
conductivity versus temperature for the various trial values of
the mass, a family of thermal conductivity versus temperature
curves was obtained, That curve which smoothly passed through
the steady-state data points was taken as the test result, For
incorrect selection of the thermal mass, the curve would deviate
above or below such a smooth curve for the transient data points.
Because the data obtained from the test was not continuous, a
certain amount of scatter occurred, Figure IV-13 is a typical
plot obtained from the data reduction program, Because of the
scatter and the large number of data points considered, the plots
presented for the various specimens represent the best fit and
do not show the individual data points obtained,
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Figure IV-13 Typi-al Computer Plot for Composite Material Thermal
Conductivity Test Data Analysis
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Correction for the lead wire conductance and for the insula-
tion heat leakage considered the temperature dependency effect
on the conduction of these materials, The input data to represent
the physical characteristics of the insulation and lead wire could
not be highly accurate, but values were input based on approxi-
mate measured geometries and dimensions. In the test design, an
effort was made to keep the extraneous heat fluxes to a small value,
hopefully below 10% to minimize their effects, In reviewing the
actual data reduction, the extraneous heat leak appears to have
varied from below 5% to as much as 20% of the total heat flux
through the specimen, This value is dependent on the thermal
conductivity of the specimen, the operating temperature, and
temperature difference across the specimen, In planning the
transient phases of the tests, the temperature rise rate and
temperatui e difference across the speciman were held to values
for which the estimated effect of heat storage in the materials
would not exceed 25% of the heat flux through the specimen,

If the data reduction technique was successful in reducing
these error contributions each by at least two thirds, then '
their net contributions would be no more than 6,7% and 8,3%.
respectively. Considering these independent error contributions
along with estimated inaccuracies in temperature, power, and
physical measurements of the specimen, an overall accuracy esti-
mate of 10% to 12% can be made using the normal root-mean-square
error analysis technique,

A specimen of a known thermal conductivity was not used for
calibrating the apparatus and procedure, However, as a check on
the accuracy of this thermal conductivity device, two S-glass
epoxy specimens were cut from the same tube (specimens 2 and 3)
in an effective length of 1-in, and 0.5 in,, respectively, Since
the heat flux under given conditions for the 0,5-in. specimen
would be twice that for the l-in, specimen, comparison of the two
results provides a useiul check on overall accuracy, Results for
the two tests were within 3% at 100°R and 500°R,

Test data for the structural components, the stacked washer,
and spherical self-aligning bearing specimens, were analyzed in
the same manner, GCorrections to account for the fiberglass tube
between the specimen and the bellows assembly, and for areas which
coy ¥ not be fully insulated, were added to the thermal correction
ne..ork, 1In addition to these extraneous heat fluxes, thermal
masses were much greater, Although much of the test data, when
reduced, appears to be consistent and realistic, some of the data
appeared erratic, Most of the test data presented is believed to
be of sufficient accuracy to be useful, but no estimate for the
limit of inaccuracy is made,
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Test Results - A description of the specimens which were tested
and the test results for each is presented in the following para-

graphs,

Several of the composite material tube specimens are shown in

Figure IV-14,
tubes and end fittings.

The polaris . Juv

Figure IV-15 shows the method of assembly of the
system, as described

in Chapter III, Section G, was used for all-of the composite

material specimens,

Physical details and the reference to the

proper thermal conductivity versus temperature graphs are given
1, Attempts to produce a circumferentially wound
boron epoxy specimen were not successful because of breakage cf

in Table IV-
the fiber when wound on a 1l-in, diameter mandrel,

Table IV-1 Physical Properties of Test Specimens

Inside Cutside | Effective Fiber Fiber
Fiber Fiber Diameter | Diameter Length by Weight by Volume | Thermal Conductivity
Specimen Material Orientation (in,} (in.,) (in.) (%) (%) Curve (Figure No.)
1 S-glass Circumferential | 1.002 1,140 0.503 81.3 63.4 IV-16A
2 S-glass Longitudinal 1,000 1.132 0.500 79.4 62.2 Iv-168
3 S-glass Longitudinal 1.000 1,132 1.000 79.4 62.2 v-16
4 Boron -
(0.004-in, dia) | Longitudinal 1.005 1.143 0,540 67.5 49.2 Iv-17
5 Graphite
(Thornel-50) Circumferential | 1,005 1.1137 0.635 60 53.4 1v-18
(estimated) | (estimated)
6 Graphite
(Thornel-50) Longitudinal 0.998 1.114 1.000 60 53.4 Iv-19
(estimated) | (estimated)

Figure IV-20 presents a comparison of the thermal character-
istics of the above specimens, with the exception of the longitu-
dinally oriented graphite epoxy.

The self-aligning spherical bearing specimen is shown before

assembly in Figure IV-21,

Bearing Corporation under part rnunber HSR-4-7,
less steel construction and has e¢n outside diameter of 0,6562,

a 0,25-in, bore and 0.,5-in, bal’ diameter,

The bearing was manufactured by Kahr
It is of stain-

The test assembly con-

sists of the bearing, a steel bolt and nut, and aluminum end

fittings.

Because of the high thermal conductivity of the

aluminum, the measured conductance was essentially that of the

bolt and bearing combination,

'*‘ 0000
-.0005

for the mating part at room temperature,

Catalog data recommends a bore of

The aluminum

housing was bored to provide the recommended fit at 100°R, result-

ing in a clearance of about 0,00l-in, at room temperature,

Re-

sults of the thermal conduction tests for this specimzn are
presented in Figure IV-22,
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The stacked washer test specimen is shown partially assembled
in Figure IV-23, This specimen includes 300 0,004-in, stainless
steel washers, 0,750-in, 0.D, x 0.453-in, I,D, Washers (150) are
assembled on each side of the intermediate fitting, as shown in
Figure 1IV-24, Tests were conducted with various applied forces
for two preload conditions on the washers, The first test was
with essentially no preload, This was accomplished by first ap-
plying a torque of 100 in,-lbs or more to the nut, and then back-
ing the nut off several times, The final backoff was to the
point where negligible torque, less than 1 in,-1b, was observed,
Test results for this preload condition are presented in Figure
IV-25. For the second load condition, a torque of 50 in,-1b was
applied to the nut, The 0,4375-in, 20 UNF nut was of the self-
locking type, but was retapped to turn freely on the threaded
stem, Results for this test condition are given in Figure IV-26,

The raw test data for these specimens was processed in the
same manner as was that for the composite material tests, Again,
the curves presented represent the best interpretation of a large
number of somewhat scattered data points, As previously pointed
out, corrections for extraneous heat leak and thermal capacity
effects were more severe for these tests, In addition, there is
some discrepancy of data for the lower applied force conditions,
This was most likely caused by inaccuracies in the force deter-
mination, occurring as a result of inaccurate determination of
effective bellows aiteas and differential thermal contraction
etfects,
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— Aluminum End Fitting

— Self-lockine Nut
, 300 0.004-in, thick, 0.750-in, 0.D,
x0.453-in, I D, Stainless Steel
Washers
(150 in 2 places)
' / [/

L[ /o [/ ]

Aluminum Intermediate
Fitting

Aluminum End Fitting,
Including Threaded Stem

Figure IV-24 Stacked Washer Thermal Resistance Test Specimen
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C. INTEGRATED TANK INSULATION SYSTEM TEST

A major objective of this study has been the evaluation of
means for utilizing boilcff gas to intercept heat leaking into a
hydrogen storage tank, and thereby reduce the boiloff losses,

Two of the most significant sources of heat into a typical large
scale cryogenic tank are insulation and piping heat fluxes., The
problem of utilizing the refrigeration capacity of the vent gas
to rec ice heat flux from these two sources has been analyzed in
detail. The conclusion of the analytical studies is that for an
optimized system, up to 50% reduction of boiloff can be achieved,

In particular, it appears attractive to intercept heat in the

insulation system for large scale tankage, This can be accomplished
by dividing the insulation into two parts -- a tank- and a shroud-

mounted blanket. A heat exchanger can be installed on the sur-
face of either of these blankets and physically connected to
assure thermal contact, A more attractive approach, in many
respects, i1s to mount the heat ex~"anger between the blankets

with the thermal energy transpor . accomplished by means of radia-

tion, This approach eliminates the need for physical connection
between the insul«tion and heat exchanger and permits the heat
exchanger to be supported in the most convenient manner. The
preliminary design analysis previously described indicates that
such an approach is feasible for the tankage system considered
in this study. )

Unfortunately, the thermal design of the radiatively coupled
insulation cooling system is dependent on several variables
which may be difficult to predict, Of primary inportance are:

1} Actual dependence of insulation conductivity on tem-
perature;

2) Effective emissivity of insulation blanket surfaces,
and directional effects;

3) Effective conductance along insulation surfaces, and
through annular gap;

4) View factor from neat exchanger element to insulation

blanket surface.
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Since the uncertainty of these variables results in some un- 4
certainty in the analytical results, it is desirable to obtain
experimental data that can be compared with the analytical predic-
tions, Therefore a small scale test program was undertaken to
investigate experimentally the cooled insulation concept using
radiation coupling with the heat exchanger. In addition, cooling
of piping penetrations to the tank was included as part of the
total system test.

CIR b

1, Test Objectives

The objectives of this test program were to:

1) Demonstrate feasibility of using vent gas to effect a
substantial reduction in boiloff losses through coel-
ing of piping penetrations, and by use of a radiatively
coupled heat exchanger between two tank protecti-n in-
sulation blankets te intercept a part of the heat
reaching the tank through the insulation system.

2) Obtain sufficient detailed temperature and boiloff
cdata to permit comparicon with analytical predictions,
and provide design data and/or insight regarding the
important design parameters listed in the previous
section;

3) Obtain performance data on the tank insulation sys-
tem, with heat exchanger system inactive, as a basis
for determining improvement realized with the heat
interception devices active;

4) Determine general operating characteristics and un-
foreseen difficulties in application of the cooled
insulation technique.

2, Description of Test Apparatus

To satisfy these objectives, a test article was fabricated,
using an existing 4-ft diameter by approximately 6-ft long stain-
less steel hydrogen tank, and 6-ft diameter vacuum chamber, The
overall layout of the test setup is shown in Figure IV-27,
Basically the equipment consists of a liquid hydrogen tank mounted
within a controlled temperature shroud, and insulated with tank
and shroud insulation blankets of multilayer insulation, Addi- o
tional thermal control is achieved through the use of vent gas
heat exchangers that intercept heat before it reaches the tank.
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H- Vent Connection

Instrumentation Feed-
throughs
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Shroud Outside
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Insulation Blanket .

Shroud-Mounted
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&

LHy Fill Probe~Vacuum Insulated
(with 18-in, Fiberglass Section)

T

el T Y it

==

Y

N N

Fiberglass Support Strap

/ Heat Exchanger

-External Heat Exchanger
0.25-in, x 0,030 Copper
Tube with 3-in, Wide x

\0.005 Copper Fin (Ap-

proximately Length on
Barrel 41 ft, Approxi-
mately Length Each End
10 ft)

Internal Heat Exchanger
0.25~in, 0,b, x 0,030

_ Copper Tube x 95 ft,

(Not Used)

Figure IV-27 Integrated Tank Insulation System Test Installation
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The tank, shroud, insulation, and heat exchangers are installed
in a vacuum chamber to provide the proper operating environment,

The tank is an existing 4-ft diameter, 6-ft long, 304 stain-
less steel tank with 0,25 and 0,375-in, walls in the barrell and
dome sections, respectively. A l4-in. manway permits access into
the interior of the tank, Two stainless steel tubes, 2-in, and
2.,5-in, diameter, enter the upper dome of the tank to provide for
filling, venting and pressurizing the tank.

Electrical feed-throughs in these lines permit instrumenta-
tion wiring access to the tank, Liquid hydrogen is loaded through
a 0,75-in, stainless steel tube, mounted concentrically within
the 2-in, tube through the dome, This tube extends to the bottom
of the tank to provide a means of draining the tank, An 18-in,
section in the upper portion of the fill probe is constructed of
epoxy filled fiberglass, 0,75-in, I,D, by 0,865-in, O,D,, to
minimize the heat leak through the line, The tank is supported
by three fiberglass epoxy tension members, 5.875 in, long by
approximately 0,187-in, diameter.

A shroud is installed between the vacuum chamber wall and the
liquid hydrogen tank, This shroud serves two purposes: (1) it
provides a constant boundary temperature during tests; (2) the
shroud is used to support an outer blanket of insulation thet is
part of the tank insulation system,

The shroud, shown in Figure 1IV-28, consists of an aluminum
framework supporting a sheet aluminum skin, It is supported from
the walls of the vacuum chamber by three 0,1875-in., stainless steel
cables, The shroud is heated by mear s of electrical heaters con-
sisting of lengths of 22-gage copper wire, bonded to the outside
surface of the shroud with a thermally conductive epoxy (Emerson &
Cumming, Stycast 2850-FT), ‘This heater is divided into three units:
the barrel section of 500 watts capacity; one on each of the end
cones, each capable of 100 watts power dissipation-or-more, -These
heaters are direct-current-powered and' provide the capability of
maintaining the shroud at a temperature of 75°F or greater, The
completed lower half of the shroud is shown in Figure IV-29,

An insulation blanket consisting of five layers of aluminized
mylar and 12 layers of nylon net is installed on the outside of
the shroud.to reduce the power requirements and aid in maintain-
ing a constant shroud temperature,

V=41
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Cover Heater 22-Gage e Cover
Copper Enameled
Magnet Wire

Resistance -~ 1,604 Ohms

i i
Barrel Heater -~ Stiffening Ring

22-Gage Copper
Enameled Magnet
Wire

Resistance - 3,089 Ohms — -Barrel

™~

Insulator

Birnbach No, 458 .
(Typical) —\\\\\\\

Lower Cone

Bottom Heater
22-Gage Copper

Enameled Magnet

Wire

Resistance =~ 1,669 Ohms

Note: Heater wire bonded to outside surface
with high thermal conductivity epoxy
Emerson & Cumming Co,, No, 2850-FT,

Figure IV-28 Shroud Assembly
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This test article was originally designed to incorporate the
thermodynamic vent system conc :pt, Therefore, a heat exchanger,
consisting of 95 ft of 0,25-in, 3.D,, 0.030-in, wall copper tub-
ing we: installed in the tank, This internal heat exchanger was
mounted to vertical frame members attached to the tank wall, The
tubing was installed with approximately uniform distribution from
bottom to top in a spiral configuration, The thermodynamic vent
system design included a submerged on-off solenoid valve and a

"Lee Jet (GW AA 4J) flow restrictor, The valve to be used was a

Circle Seal model A649T 4 BP-AA, modified by the installation of
Teflon seals, This valve was chosen because of its history of
successful operation in a simiiar 'iquid hydrogen application.
Unfortunately, however, neithcr the valve originally selected,
nor several others which were tried, would shut off to an accept-
able lezk rate. The thermodynamic vent was therefore abandoned,
and the internal heat exchanger was inactivated, but allowed to
remain in place.

Three other heat exchangers are used to intercept heat that
would normally enter the tank, The flow is divided, with part of
the hydrogen being used for intercepting thLe tank penetration
heat leak, and part being used for cooling the insulation., The
heat exchangers on the tank penetration consist of 0,25-in, 0.D,,
0.030-in, wall stainless steel tubing silver-soldered to each of
the two tank penetrations. Approximately 40 in, of tubing is
coiled uniformly around each pipe from approximately 2 to 10 in,
from the tank interface,

The insulation is cooled by means of a radiation heat exchanger
located midway between the tank-mounted insulation and the shroud-
mounted insulation, This heat exchanger, depicted in Figure IV-30,
consists of 0,25-in, 0,D,, 0,030-in, wall copper tubing coiled
around a stainless steel support frame, It is supported from the
tank with dacron tension ties, Approximately 41 ft of tubing is
used on the barrel section with approximately 10 ft on each dome,
A fin of 4-in, wide by 0,005-in, thick copper is soft-soldered
to the tubing parallel to the insulation surfaces. The fin tube
assembly is painted with optically black paint, Each of the
three heat exchangers is connected to a manual throttling valve
outside the vacuum chamber to permit adjustment of the flow
through the heat exchangers, A schematic diagram of the flow
circuit is shown in Figure IV-31,
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Frame Assembly

0.,25-in, 0.D, x 0,030-in. Wide
Copper Tube x 10-ft Long with
4-in, Wide x 0.005-in, Thick
Copper Fin Contoured to Avoid
Protrusions on Tank Dome

0.25-in, 0,D, x 0,030-in, Wide
Copper Tube x 41-ft Long with
4~in, Wide x 0.,005~in, Thick
Copper Fin Tank Barrel Area

0.25-in, 0.D, x 0,030-in,
Copper Tube x 10-ft Long with
4-in, Wide x 0.005-in, Thick
Copper Fin Tank Bottom Dome
Area

Note: Heat exchanger fins painted on both |

sides with Krylon No, 1602 ultra flat
black enamel,

Figure IV-30 Radiatively Coupled Insulation Heat Exchanger Assembly
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Temperature

Fischer Porter Flow-
rator Type 08Fl/16-
08-4/36 (Typ)
Integrating
Flow Meter

To Facility-
Vent System

Sensor (Typ)

-Pressure Sensor (Typ)
~Metering Valve (Typ)

AN
/\/\/\/\/\/\/\/\/\/\\\/\K/\/\/\/

Figure IV-31

s

A

P2

System Schematic

// VM&C(fWArmup Coil (Typ)
_——Normal Tank Venf Valve

Liquid
Hydrogen

" Vessel

e

-

.- Shroud

. Vacuum Chamber
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The tank was insulated with a multilayer insulation system
consisting of 0,25-mil mylar film radiation shields, alumin:zed
on both sides, and 14 x 14 mesh (0,007 in, approximately) nylon
netting spacers, The tank-mounted blanket consists of 20 radia-
tion sheilds with two layers of netting separating each shield
and assembled to a thickness of 0.5 in, The shroud-mounted
blanket is made of 40 radiation shields each separated by two
layers of netting and assembled to a 1-in, blanket thickness,

The aluminized mylar was perforated with 0,125-in, holes on 6 in,
centers to assure adequate evacuation,

The tank insulation system was preformed into four panels --
two dome sections and two half-barrel sections, The dome assembly
fixture is shown in Figure IV-32 with the manhole cover form in-

V=47

stalled, Figures 1IV-33 and TV-34 show insulation blankets partially

assembled, Details of the insulation assembly and installation
are given in Figure IV-35, Two layers of nylon net served as inner
aud outer covers for the insulation panels, Cotton thread was
used to assemble the blanket in the following manner: Lengths of
thread were first tied to the pair of nets forming the inner
blanket cover at a spacing of approximately 4 x 4 in., for the
dome panels and on 4 x 6 in, centers for the shroud panels, Each
thread was then marked to the correct length (0,5 in, for tank
panels and 1 in, for shroud panels)., After all the foils and
spacers were laid up, each thread was threaded into a needi:,
pushed through the blanket, and tied to the outer cover layers

at the pre-marked length, This assembly method was not intended
as a production procedure, but as a one-time approach to evaluat-
ing the predetermined length thread method of blanket assembly,
The procedure proved to be even more tedious and time-consuming
than had been expected, For production operations, a mechanized
procedure using a heated needle to eliminate tearing of the mylar
is visualized,

The insulation panels were assembled to the tank and shroud
by use of Velcro hook and pile strips, TFor the tank-mounted in-
sulation, the panels were trimmed to close fitting butt joints
between panels, All joints were then interleaved, layer by layer,
with 3-in, wide strips of aluminized mylar, These strips were
held in place with mylar adhesive tape at appropriate intervals,
The interleaving operation, surprisingly, proved faster and less
difficult than had been anticipated, The insulated tank is shown
in Figure 1V-36,
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4. Instrumentation

Instrumentarion for this test included measurement of tem-
peratures, pressures and flowrates,

The low temperature measurements for this test were made with
chromel/constantan thermocvouples, Thermocouples were used to
measure the temnerature profile of the insulation and tank pene-
trations, and onitor the performance of the heat exchanger and
the temprrature of the shroud, tank, and bulk liquid, In order
to obtaly more accuracy in measuring the temperatures of the
bulk liquid, 2ach of the thermocouples in the tank was connected
for differential temperature measurement and referenced to a cold
juaction located in the tank itself, The temperature of the coid
reference was measured with a platinum resistance temperature
bulb,

demperature measurements were also nade of the vent gas tem-
peratures at the inlet of each flowmeter, using copper/constantan
thermocouplesg,

The primary pressure measurement for this test was the hydrogen
tank pregsure, This measurement was made with redundant strain
gage pressure transducers with a range of 0 to 30 psig plus a
seusitive Bourdon tube gage, Vent gas pressures at the inlet of
each flowmeter were measured with 0 to 15 psig Bourdon tube pres-
sure gages,

Glass tube vrotameters wevre used to measure the flowrates of
the individual heat exchangers, In addition, the total vent flow
was measured with an integrating positive displacement utility
type gas meter,

Data was recorded on magretic tape using a high speed data
link from a subscriber station to a central data processing
facility, Measured variables were converted from millivoltage
to proper uaits by computer and displayed in tabular form, Dur-
ing long tiansient pericds, this system was not used, Instead,
only pertinent variables indicating overall status of the test
were manually logged, In addition, flow rates and flowmeter
pressure readings were manus!ly recorded for all conditions,

After installation of fusulation, heat exchangers and in-
strumentation, the test tank was installed in the 6-ft diameter
vacuum chamber, Figure IV-37 shows the complete assenbly at
this point,
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4, Description of System Tests

Two steady-state boiloff tests were accomplished; one with
the heat exchanger system activated, and one without it, After
system and instrumentation checkout, purge and pumpdown operations,
ar1 f£illing of the tank with liquid hydrogen, test operations were
begun on a three-shift per day basis,

The first test (I) was accomplished by allowing the system to
reach steady-~state conditions while maintaining a constant shroud
temperature and a constant tank pressure by direct venting, The
heat exchangers were inactivated by closing the manual throttling
valves, The flow of GH, through the conventional vent line was
regulated by means of a manual throttling valve to hold a constant
tank pressure of 25 psia. The shroud temperature was manually
regulated at 75°F by adjusting power supply voltage for the three
shroud heaters,

Pertinent system variables were monitored and logged as a
basis for determining when steady-state conditions had been reached,
When these variables appeared to remain steady for an 8-hour period,
recording of all variables on magnetic tape on an hourly basis was
begun, Data was then recorded for about 8 hours while special at-
tention was given to regulation of tank pressure and shroud temper-
atures, During this test, maximum variation of the tank pressure
was +0.4 psi, -0,3 psi. However, these excursions were for rela-
tively short periods, with an indicated deviation of less than 0.15
psi for a substantial part of the test period, Shroud temperatures
as indicated at 8 measurement points, were maintained within 3
degrees of 75°F, The total time required from beginning of the
tank fill operation to completion of the first test was approxi-
mately 62 hours,

The second test (IL) was begun by topping the hydrogen tank,
Valving was changed to initiate heat exchanger operation and the
tank pressure was controlled by adjustment of the three manual
valves, Shroud temperature control was maintained as in the
first test, During the initial phase of the test, ratios of in-
dividual heat exchanger flow rates to the total vent flow were
adjusted to determine their effect on system performance and to
find the flow distribution resulting in minimum boiloff,

IV-55
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Again, after an 8-hour period of apparently steady operation,
data recording was begun and continued for 8 hours., During this
test phase, tank pressure was held to an indicated tolerance of
0.1 psi, which is near the readability of the gage. Shroud tem-
peratures were maintained within *5°F, The total elapsed time for
the second test was approximately 46 hours.

5, Test Results

The results obtained from this test program ars somewhat clouded
by high extraneous heat leakage and a resulting high flow rate of
cooling gas, thus masking the true effect cf ventL gas cooling, In
the following paragraphs, the data obtained and the results of an
analysis to interpret the data are presented. It is acknowledged
that the accuracy of the conclusions drawn from the test data de-
pends on the method of analysis and assumptions required to per-
form the analysis.

During Test I the average boiloff rate was 0,3218 1bm‘/hr.
For Test II, the average boiloff rate was 0,2803 lhn/}nu Thus,

on the basis of mass flow rate, an improvement of approximately
12 ,8% was realized., However, the liquid level was approximately
4 to 5 in, higher for the second phase of the test, This, plus
the action of the heat exchangers, resulted in a difference in
temperature of the ullage gas. Ullage temperature averaged 62.5°R
and 51,5°R for the two test phases, respectively. Since the gas
leaving the tank boundary is at approximately the ullage temper-
ature, more heat is removed per lb for the higher temperature
case, The heat removal rates, calculated on the basis of the
ullage temperatures, are 80.0 Btu/hr and 61.5 Btu/hr for the two
test phases, respectively. This represents a reduction in the
heat removal rate of about 237%,

Pressure was manually controlled with reference to a Bourdon
tube gage pressure indicator, with the control point continuously
adjusted to account for barometric pressure. In order to control
the pressure, periodic adjustment of flow rates was necessary.
Thus, although near steady-state conditions were maintained for
temperatures and pressures, the flow rates were cyclic. In Test
I, the liquid bulk temperature also cycled between 39,98 and
40,05°R (as measured by the resistance thermometer), During the
8 hours over which flow rates were averaged, the temperature ap-
pears to have changed from the minimum temperature of 39.98°R to
a final temperature of 40.04°R, or 0.06°R over the test period,
For Test II, the temperature changed from 39.95° to 40,01°R in
an almost straight line fashion during the last 6 hours of the
test. Since the data appeared most stable during this period,
the boiloff flow rates were averaged over the same 6-~hour period.
These temperature fluctuations were not apparent on inspection
of the data readouts during the test.
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Analysis of data from differential thermocouples in the liquid indicates
that most of the bulk liquid followed the temperature as measured by the re-
sistance thermometer near the bottom of the tank, It all of the liquid is
assumed to have increased in temperature by 0,06°R over 8 hours in Test I,
then the liquid absorbed heat at the approximate average rate of 5.25 Btu/hr,
A temperature increase of 0,06°R over 6 hours in Test II results in a heat
abscrption rate of 7.2 Btu/hr. Adding these corrections to the heat removal
rates given above, the average total heat inputs to the tank are found to be
85.25 and 68,7 Btu/hr for Tests I and II, respectively. On this basis, the
heat exchanger operation resulted in an improvement of 19.4% over the uncooled
case,

In the design of this test article, insulation blanket thicknesses were
arbitrarily sized to achieve a significant improvement in boiloff due to op-
eration of the heat exchanger system. Total heat input to the tank was pre-
dicted to be between 35 and 50 Btu/hr for the inactive heat exchanger case,
depending on the actual performance of the insulation. A reduction of total
boiloff of about 507% was predicted for the active heat exchanger case.

Although the reduction in total heat leak and boiloff rate was far less
than expected, a reduction of heat flux through the tank-mounted insulation
in excess of 50% was achieved. (The vent flow rate was about 3.5 times the
rate that would be generated by the insulation heat flux.) This is indicated
by the reduction in temperature of the outer surface, and consequently the
temperature difference across the tank-mounted blanket, During the direct
vent phase of the test, the average insulation surface temperature of the
tank-mounted blanket was 441°R, This resulted in a temperature difference
across the blanket of approximately 340° in the upper dome area and 400°R
elsewhere. When the insulation heat exchanger was activated, these temper-
atures dropped to a range of 184 to 271°R, depending on position, This re-
sulted in temperature differences across the blanket ranging from 144 to
191°R, with an average difference of 163°R, Because the thermal conductivity
of multilayer insulation is expected to decrease with temperature, and the
average temperature difference across the blanket during heat exchanger opera-
tion was about 47% of that measured witl ,ut heat exchanger operation, the in-
sulation heat flux was greatly reduced, The temperature of the inner surface
of the shroud-mounted insulaticon ranged from 448 to 452°R for the Test I con-
dition, with an average of 450,5°R, and from 215 to 293°R during Test IIL, with
an average of 249,5°R,

The unimpressive overall performance gain appears to be due to an anomaly
in the insulation system in the vicinity of the manhole cover. Design and fab-
rication of the test equipment was largely accomplished prior to the availability
of the tank and vacuum chamber, Original 1960 shop drawings of the tank and
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vacuum chamber were used to lay out the test assembly. When
mating of the components ws: attempted, it was discovered that

an error existed in the original drawings, Whereas the clear-
ances in the manhole vicinity were expected to be small, an inter-
ference was found, Field changes were made to reduce the problem
as much as possible., However, the final result was compression

of the insulation in the manhole area, actual penetration of part
of the insulation, and a small misalignment between the shroud
barrel and top cone section, The effects of this problem were
more severe than had been anticipated.

In order to evaluate the test datz, a thermal network was
set up for the system. The tank insulation, insulation heat
exchanger, and shroud insulation were represented by 8 nodes
each, Conductors were included to represent the insulation,
radiative coupling between insulation blankets and between the
heat exchanger and insulation blankets, heat transfer vertically
along the insulation and through the annulus, radiation leakage
through the shroud insulation, and the manhole heat leak. Coef-
ficients for these categories of conductors were treated as input
data. For each set of input data, the network was analyzed twice.
First, the heat exchanger temperature was allowed to float to
simulate the case of no cooling. For the second case, all con-
ductors remained the same, but the heat exchanger temperatures
were constrained to the values obtained during Test II to simu-
late heat exchangexr operation,

The results of the program were chen compared to the actual
temperature and heat flux data for the two tests. This procedure
was repeated, with the input data adjusted for each case, to
improve the agreement between computed results and test data,
Table IV-2 summarizes the results of this analysis,
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Table IV-2 Test Data Correlation Summary

Iv-59

Test 1] Test II
Total Vent Flow Rate, 1bm/hr 0.3216 | 0,2803
Heat Content of Vent Gas, Btu/lbm 248,8 1 219.4
Total Heat Removed, Btu/hr 80.0 61,5
Heat Absorbed in System, Btu/hr 5.25 7.2
Total Heat Entering System, Btu/hr 85.25 168,7
Insulation Heat Exchanger Flow Rate, 1b /hr 0 0.,1705

m
Vent Pipe Heat Exchanger Flow Rate, lbm/hr 0 0,0365
Fill Pipe Heat Exchanger Flow Rate, 1bm/hr 0 0.0733
Heat Flux to Tank from Vent Pipe, Btu/hr -2,5 0.88
Heat Flux to Tank from Fill Pipe, Btu/hr 1.31 0.31
Heat Flux through Tank-Mounted Insulation Blanket, Btu/hr 32,1*% | 10,6%
Heat Flux in Vicinity of Manhole, Btu/hr 54.5% | 55.9%
Heat Flux into Annulus via Shroud Inculation, Btu/hr 11, 6% 35, 1*
Heat Flux into Arnulus via Kadiation through Gap in Shroud-
Mounted Insulation, Btu/hr 20,9% | 43,7%
hHeat Removed by Insulation Heat Exchanger, Btu/hr 0 7044
(68, 1%

*Computed values for best correlation of test data,
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Analysis of the simulated system case that most closely corrz=lates the data
leads to the following observations and conclusions:

1)

2)

3)

4)

5)

Based on calculations that most closely approximate the measured
data, the heat flux through the damaged and compressed insulation
in the vicinity of the manhole was the dominant source of heat
flux to the tank, contributing approximately 54 to 56 Btu/hr;

A large heat flux to the annular region between the insulation
blankets =esulted from radiant heat transfer through a gap between
the upper dome and barrel sections of the shroud-mounted insulation,
and possibly through other butt joints in the shroud-mour*2d insula-
tion, The assumed equivalent open area of these gaps that results
in the best fit of the test data is 0,3 ftZ;

The average thermal conductivity of the tank-mounted insulation
appeared to be approximately 7 x 1075 Btu/hr ft °R for the Test I
condition and 5.5 x 107° Btu/hr ft °R for the Test II condition at
the operating temperatures, Similarly, the average thermal con-
ductivity of the shroud-mounted insulatiun is estimated from the
data analysis to be 9.5 x 105 Btu/hr ft °R for Test I conditions
and 8.5 x 1(:°5 Btu/hr ft °R for Test II conditions, These values
again are based on actual temperatures, and are consistent with the
expected dependency of thermal conductivity on temperature. The
large increase in heat flux through the shroud-mounted insulation
and decrease in heat flux through the tank-mounted insulation on
activation of the heat exchanger is not a result of a change in
insulation characteristics, but is due to the great change in tem-
perature difference across the respective insulation blankets, and
is an expected characteristic of the cooled insulation system;

Heat flux through the tank-mounted insulation is estimated from the
data reduction analysis to have decreased from 32,1 to 10.6 Btu/hr
when the insulation heat exchanger was activated, This amounts to
a 67% imprcvement. However, it must be noted that the hydrogen
flow rate through the heat exchanger was approximately 3.5 times
the boiloff generated by the insulation heat flux. This factor is
partially compensated by the fact that the heat flux into the an-
nulus is abnormally high;

The heat transfer between the heat exchanger fin and the insulation
bl:: ket can be approximately described by the following equation:

= F 4 _p 4
%Ux = Aax “mx ° \Tr 7 Tm
where A _ = area of one side of the heat exchanger fin;

HX

drHX is a gray body view factor with a value of 0,8,
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T., and T. are temperatures of the heat ex-
HX I . .
changer and insulation blarket
surface, respectively;

The heat gained by the insulation heat exchanger was
approeximately 71 Btu/hr. The exit gas temperature
was 200°R, which is within 93 degrees cf the highest
measured shroud temperature. In view of the abnorm-
ally high flow rate and heat load, this indicates
that the heat exchanger was adequately sized;

Vertical radiation in the annulus appears to have
resulted in vertical heat fluxes of 1 to 10 Btu/hr
over the annulus cross-section, However, the data

correlation was relatively insensitive to this param-

eter. Thermocouples mounted on the insulation sur-

faces facing the annulus midway between heat exchange
convolutions varied as much as 24°R from thermoccuples

mounted on the insulation surface opposite the heat
exchange fin. These results are also influenced by

the high extraneous heat leaks and the abnormally high

coolant gas flow rate,
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D. STRUCTURAL TEST OF BORON STRUT

A concept for applying tension and cumpression loads to the
structural fibers in a composite material tubular strut is pre-
sented in Chgpter III. In order to verify the feasibility of
this concept, two tubes were fabricated and tested to failure.
Boron presents greater application difficulties than fiberglas
because of its large fiber diameter and brittleness. Therefore,
the boron epoxy tube concept was chosen for evaluation.

The specimens were constructed in accordance with the design
shown in Figure III-9, but with modified end fittings to facili-
tdte testing. Since the objective of the test was to evaluate
the end fitting concept only, the tube lengths were reduced to
approximately 6 in. 8-glass, rather than graphite, was used to
overwrap the .nds of tine boron fibers. One of each specimen was
tested in tension and ccmpression. Figure IV-38 shows a cross-
section of the tensile specimen. The specimens were fabricated
using "pre-preg" cloth consisting of boron fibers on either side
of a glass scrim cloth. The scrim cloth used resulted in a spac-
ing of approximately 0.005 in. and the wall thickness increased

to approximately 0.040 in. accordingly. The volumetric percentage

of boron fibers is approximately 36%. When subjected to approxi-
mately 800 1lb tension, slippage occurred in one end fitting; in
the other end fitting slippage occurred at approximately 1100 1b,
No further slippage was noted to 6,000 1b, At this point, the
specimen was removed from the fixture, and examined, Approxi-
mately 0.005 in. of slippage had occurred on each end. This
protruding material was machined off the end fittings and the
strut reassembled. It was then loaded in tension to failure at
8220 1b, with no further slippage noted.

Failure occurred at the beginning of the radius where the
fibers deflect around the end fittirg., This is expected because
a preload is introduced in the boron fibers by the relatively
high ratio of fiber diameter to a radius of curvature, If a
degradation factor of approximately 16% is applied to account
for preloading c¢f the boron fibers caused by their fermation
around the 3-in, radius, a calculated average fiber strength
of 272,000 psi is obtained,

e —————— v oot *
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Figure IV-38 Cross Bection of Boron Strut
Tensile Test Bpecimen

Because this strut is tension~critical, the design was not op-
timized for compressive loading., The second specimen was loaded
in coupression to faliure at 8720 1b. Failure occurved in the
c¢ylindrical portion of the tube, Some delamination of the fibers
appeared to have occurred on the inside of the tube. The failed
specimensg are shown in Fipure IV-39,

The end fitting design concept was judged to be adequate be-
cause compressive failvre cccurred in the cylinder section and
tensile failure occurved at the expected weak point with reasons
able vltimate streogth, The small initial slippage of the com~
posite on the end plug can probably be eliminated by a combina-
tion of improved curing process and greater tensicn in the over-
wrap tibers holding the borun in conformity with the plup con-
tour., The use of graphite fibers for the cverwrap should reduce
slippage because of its higher elastic modulus, If the slippage
cannot be totally eliminated, then the manufacturing process
would include preloading the part to allow the slippage to occur
before squaring the ends,
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V. CONCLUSTIONS

Analytical studies indicate that for certain large-scale
liquid-hydrogen space storage systems, a significant reduction
of boiloff losses can be achieved by using the vent gas to inter-
cept a part of the heat that would otherwise reach the hydrogen
tank. This is accomplished primarily by intercepting heat within
the tank insulation system, and secondarily by cooling the lsrge
pipes connected to the tank.

An attractive method for implementing the interception of
heat within the insulation system is the installation of a heat
exchanger between tank- and shroud-mounted insulation blankets,
Analysis indicates that the heat exchanger will function properly
if physically and thermally attached to the surface of either
insulation blanket, or if supported between the insulation blan-
kets with only radiative coupling to the insulation, Analytical
predictions of the effectiveness of the radiatively coupled heat-
exchanger concept were only partially verified by test.

On the basis of analytical calculations, heat entering a cry-
ogen tank through the piping system can be reduced significantly
(50% or more) by using the vent gas to intercept part of the heat
flow. Because of the relatively low heat flux to the cryogen tank
through its structural support system and the geometrical complex-
ity of the support system, the use of vent gas to intercept a part
of this heat flux is not warranted, The use of fiberglass epoxy
and boron epoxy composite structural materials is calculated to
reduce heat leakage through the tank support system by 607 or more,
Graphite epoxy is not an attractive composite material for cryo-
genic tank supports because of its high measured thermal conducti-
vity.

The feasibility of a concept for interposing a layer of hydro-
gen vapor between the tank wall and the liquid, using nonmetallic
honeycomb core and a capillary partitioning barrier, was experi-
mentally demonstrated. Calculations of predicted performance show
little promise for this internal insulation concept for long-term
space storage of hydrogen, For short-term missions, and applica-
tions specifically requiring an internal insulation system, the
internal capillary insulation concept may be promising.
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APPENDIX

MULTILAYER INSULATION THERMAL CONDUCTIVITY MODEL

Analysis of the effects of removing heat from the insulation
region and of optimal insulation distributions for various heat
exchanger configurations requires a mathematical description of
the conductance of multilayer insulation as a function of tempera-
ture, For the purpose of arriving at such a description, the in-
sulation will be treated as being comprised of flat radiation
foils, each one isothermal and infinite in extent, separated by
totally transparent spacers.

With these assumptions, then, the heat transfer per unit area
from any foil at temperature Ti to an adjacent foil at temperature
Tz will be

o (T3 - 1%)
q =

1,2 2/e -1 + 9¢onduction

where 0 is the Stefan-Boltzmann constant, ¢ is the emissivity of
the two foil surfaces (assumed to have nearly the same emissivity),

and q R is a term that accounts for conduction through
conduction

the spacer material. If contact resistance and holes in the
spacer material are all taken account of by an area factor Q,
then it can be expressed in terms of the thermal conductivity of
the spacer material in solid form;

T2

a :
Yeonduction ~ s f k (£)dT,
T1

where s is the foil separation (distance between the two adjacent
foils) and k (T) is the thermal condudtivity of the sp.cer material
as a function of temperature.

Consider now an insulation consisting of any number of foils,
n, all equally spaced (s) and all with the same emissivity, €.
Then the considerations just discussed result in a system of (n-1)
equations for the unknown heat flux, q (which in steady state does
not vary across the insulation) and intermediate foil temperatures.
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If the individual foil temperatures are Ti, Tz, ... Tn’ we have
4 T2
4
a =0 ﬁh_;kl + a k(T)dT
: 2/e -1 s
Ty
Ty
= f.r_é_:_ﬁl + o4 f k(T)dT
=9 2/e -1 s ™
T2
< ) e
T S
_ {(n-1) n a f
=9 2/e -1 * s k(T)dT
Tn-l

Adding all the equations together gives q in terms of the outside
foil temperatures, Ti and Tn:

T
4 4 n
. (Tl - Tn) a
(n-1) q = 0 7=+ = k(T)dT
Tz

With the assumptions we have made, therefore, the multilayer in-
sulation system can be treated for analysis purposes simply as

two parallel insulators, one of them equivalent to the foil layers
of the insulation taken as a single block of appropriate dimen-
sions. This result is essentially due to two facts: since the
spacer is assumed to be transparent, there is no coupling in any
one element between radiation and conduction; and since ¢ and s
were assumed to be the same for every foil, the equations could

be written with constant coefficients; hence no coupling was in-
troduced as a result of adding the elements in series. In reality,
the heat fluxes through the two components correspond at only one
point in the system tc values obtained by considering them sep-
arately. Toward the hot end, the radiation heat flux generally
becomes dominant whereas it may be insignificant at the cold side.
Nevertheless, the total heat flux at any point is equal to the

sum of the radiation and conduction heat fluxes obtained by com-
puting them separately,
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For real materials, the foil emissivity as well as the spacer
conductivity should be expected to vary with temperature. This
effect can be included in the model without introducing ccupling
between the terms (which would greatly complicate the result) if
we restrict our attention to systems containing large numbers of

" foils, so that the temperature difference between any two adja-

cent foils can be treated as a small quantity. That is, if we
define the temperature difference between any two foils "i" and

"o+ 1" as

T, - T =8

and if 8T, << T, for all 1 <1 <n, then ] - T . can always be

i+l
approximated by the first term in its Taylor series expansion
about T, ¢
i
T - Tiw ™ 4T; 81

Furthermore, the integrated spacer conductivity becomes approxi-
mately

Ti+1

f k()T ~ k(Ti) 8T,
T,
1

With these approximations, the heat transfer between any two
adjacent foils, one at temperature Ti and the other at Ti - BTi,

is
40T3i
W(Ti) -1

£

+2 k(1) | oy

. s 1
or, writing s =

N where N is the number of foils per unit thick-
ness,
4 T
g i
1%= N 37T _1+ak(Ti) 8T, (1]
("1)

3

‘P




A-4

MCR-69 -405

As before, we obtain (m-1) such equations, if m is the actual

total number of foils, by letting i assume integral values from

1 to (m-1). These (m-1l) equations can be added, as in the constant
coefficient case, provided that STi is small enough that the right

hand side can be treated as a continuously varying function from
equation to equation, allowing the laws of integral calculus to
be used to perform the addition on the right side?

T T
m 5 m

m=1 _ 4o T

—=q =5 f 3z dT + f k(T)dT (2]
Ty e(T) - Ty

: -1 . . . .

Notice that mﬁ—'ls the actual thickness of the insulation blanket.
Up to this point, we have been treating the case of a flat
insulation blanket, infirnite in extent. Now that integral repre-
sentations have been introduced, it is a simple matter to extend

the treatment to other configurations.

Consider, for example, an insulation blanket, total thickness
t, applied to the outside of an infinitely long cylinder, radius
R. 1If the number of foils is large enough, the view factor in the
radiation term is essentially unity; hence, the right side of
Equation [1] is unchanged. The left side becomes

where q is noy heat transfer per unit length of the cylinder, and
r, is the radius of the foil at temperature Ti' Since 1/N is

really always the change in radius associated with each 6Ti, the

change in temperature on the right side, the left hand sides of
the array of equations can also be treated as a continuously
varying function and integrated with 1/N = dr. Hence,

T T
. m m
q_ £y _ 4o —TI3
5 log (1 +R) 3 f 5 ) dT + o f k(T)dT (3]
Ty e(T) ~ Ty
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is the appropriate equation for heat transfer per unit length of
an infinitely long circular cylinder.

Similarly, if we consider a sphere of radius R, covered by an
insulation blanlet of thickness t, then the total heat transfer
into the sphere is given by

T T
m 3 m

4 [t ). 4 T

4xR (R+t)“ N f 2 ) dT + « f k(T)dT (4]
Ti ¢(T) T

The derivatiuvn can be carried a step farther by specifying
the form of the temperature dependences of € and k to some extent,
in accordance with the measured properties of some of the most
interesting materials.

Since our goal is to construct a mathematical model of the
multilayer insulation, it is most convenient to work henceforth
with an overall insulation effective conductivity, k (Tz, Ti),
defined by

To - T ,
q=‘2L—"‘Lk(12, T1)

where q is the heat transfer per unit area from a surface at
temperature Tz to a surface a distance, L, away at temperature
T1.

Substituting this definition into Equation [2}, with L for

m:l-and Tz for Tm’ gives

N
Tz
3
k (Tz, Ty1) = EET%—TI. J/' __E_QEI____ + a k(T) | dT [5]
T1 (e(’l‘) - l)N

The conductivity of the spacer material, k (T), is a well-
defined and measurable property. In the case of nylon, for example,
the conductivity is plotted as a function of temperature in the
range T = 20 to 500 degrees*. This curve is rather closely
approximated by the function

*Final Report, Volume II, Contract NAS8-20353, Lockheed Missiles and
Space Company, A84 882, June 25, 1967, pp 4.2-7.
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k (T) = 0.2 [} - e-O'OlST.JEE:gf%ﬁi (6]

The emissivity of the radiation shield, e (T), is less well
known than the spacer conductivity. Although the emissivity of
a laboratory sample of the shield material can be pinned down
very closely, the emissivity as applied to a space vehicle is not
expected to be as good because of damage to the aluminized coat-
ing, flaws, penetrations, contamination, etc., which reduce the
reflectivity of the shield surface. Curves (presented on pp 2-51
and 4,2-17%) for the emissivity of 0,25-mil aluminum foil are fair-
ly well approximated, for temperature below 400°R, by the function

€ (T) = 0.0025 + 0.005 (I%-a-)

If the degradation of the reflector caused during application is
considered to be microscopic black areas, a constant value should
be added to this function. On the basis of an '"as-applied" emis-
sivity of about 0.04 for T = 400°R, the following emissivity
function would be indicated:

e (T) = 0.02 + 0.005 (ﬁ;—o) [7]

Fo: our purposes at present, though, we merely wish to specify
the form of these temperature dependencies; hence, it is sufficient
to take

k (T) =7 (l-e-sT) , say, (8]
€ (T) = p + yT. [9]

-1
The quantity 2. 1 ran now be expanded in a Maclaurin
e(T)

eI) ,

series in terms of the small quantity > ¢

(e?iT) -1) 7 =§—§_D—(1 +§—§D—+§Z—(D-+ )

*Final Report, Volume II, Contract NAS8-20353, Lockheed Missiles and
Space Company, A84 882, June 25, 196 , pp 4.2-7.
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or, with <(T) given by Equation [9] and taking the series as far
as the second order term in B and the first order term in yT:

2 a L B2
(e(T) - Q 5 (B + 7T + 5 + ByT).

Substituting Equations {8] and [10] into Equation [5] and
integrating gives

k (T2, T1) =
(e B2 (o _qa) L & 5 .5l
Ts - T1 N3\2+!+ ) (T'-‘ Tl)+§1_ (1+B>(T2'Tl)§
-8Ty -8To,
+Otn(T2-Tl-e—-€:§-——).

-

For example, taking B = 2x1072, 7 = 5x107%, & = 1,5x1072°r™%,

Btu
1 =0.2 ft-hr~°R ?
A-1 are generated for the various indicated values of Q.

and N = 500 ft'l, the curves shown in Figure

This model has been compared to unpublished test data for a
nylon~-spacer insulation specimen and appears to correlate with
the data within 10% by proper adjustments of N and «.

A-7

[10]

(11]
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