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INTRODUCTION

This report describes the results of a design, analytical and experimental in-
vestigation conducted by the Boeing Aerospace Company for the NASA/Lewis
Research Center. The period of performance was October 14, 1969, through

August 31, 1972. Mr. James R. Barber was the NASA Project Manager.

A companion document, Volume II, NASA CR-121104, contains appendixes with

detailed information relating to both the analytical and experimental phases of
the study.

The purpose of this program was to evaluate, for both a cryogenic and space

storable propellent combination, a thermal protection system that was integrated

with the vehicle structure and meteoroid protection system. Design definition,
detailed system evaluation, fabrication feasibility and experimental demonstra-
tion were required for a complete assessment of the potential of this concept.
A propulsion vehicle having maximum payload capability with minimum opera-
tional complexity was the primary goal.
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SUMMARY

The program was performed in three phases. These were (1) a design evalua-
tion, (2) an experimental evaluation, and (3) data evaluation and final design
correction.

In the first task, Design Evaluation, the objective was to identify preliminary
vehicle design concepts which provided maximum payload capability with design
and operational simplicity. This task was conducted in three parts.

The first part was a screening and conceptual design study. Critical vehicle
areas were identified and design solutions were evaluated. Example of critical
areas were vehicle structure, meteoroid protection system, thermal protection
system, tank arrangements, and ground hold thermal protection. Designs and/
or analytical studies were performed in sufficient detail to identify advantages
or disadvantages of selected approaches. These results were summarized and a
large field of candidate tank arrangements and vehicle structural concepts were
narrowed to ten design configurations.

The second part of Task I consisted of development of the ten vehicle prelimin-
ary designs. Structural and thermal analyses were conducted. Meteoroid impact
data was obtained and used to define least-weight protection systems. An
operational evaluation was made to determine relative vehicle complexity. De-
sign drawings of each vehicle were prepared giving critical dimensions, insula-
tion thicknesses and attachment concepts in sufficient detail to prepare a weight
statement. Weights, payload capability and operational complexity were ob-
tained for the ten study vehicles. The concepts which appeared most promising
at this stage for LH2-LF2 propellents were truss structure with MLI (multilayer
insulation) suspended inside the structure, two oblate spheroid tanks in a tandem
(Lp2 forward) configuration and MLI as the meteoroid protection system. For
FLOX-CH^ propellents a common bulkhead tank configuration appeared best,
suspended within a truss structure. MLI mounted inside the vehicle structure
provided optimum thermal/meteoroid protection. Continuous shell structures,
such as honeycomb sandwich, incurred significant weight penalties because of
low shell loadings.

The third part of Task I involved selection of the two most promising vehicle
configurations, described above, and further design development. The sensitivity
to errors in the velocity and flux parameters of the meteoroid environment were
evaluated.for both vehicles. Sensitivity to errors in the prediction of MLI
thermal conductivity were also determined. It was found that both of these
were only of minor importance in terms of vehicle weight.

Task I was concluded with a weight summary of each vehicle. The results
showed that a mass fraction of 0.81 was possible for the LH2~LF2 propellents
and 0.86 for the FLOX-CH4 propellents. Payload weight capability for the



LH2-LF2 propellents was 4791 Ibs (2130kg), and 4642 Ibs (2110kg) for the
FLOX-CH^ propellents. A comparison with a tank mounted MLI design was
made and it was found that there was only a slight weight difference.

Task II consisted of an experimental program to obtain meteoroid impact data
for construction of design curves, thermal performance data for the selected MLI
system with and without typical penetrations, structural response of the MLI
system to launch environment loads, and the ease and accuracy of installation
on a full scale mockup.

The meteoroid tests were conducted with a light gas gun which propelled poly-
ethylene cylinders at ~ 25000 fps (7.6 km/sec). Five MLI concepts; aluminum
and Beta fiber cloth bumpers; aluminum, and fiberglass honeycomb sandwich shell
constructions were tested to determine penetration depth in a simulated tank wall.
These data were used to derive curves relating penetration depth to protection
system thickness. In general, MLI systems alone produced the least-weight pro-
tection system.

Thermal performance tests were made with a 2 ft diameter by 4ft long (0.61 x
1,22 m) thermal model consisting of an aluminum trusswork frame with MLI sus-
pended from the inside. Baseline tests of the "as fabricated" system were made.
Results were obtained by measuring boiloff gas and converting to heat transfer
rate. Launch loads were applied and the boiloff test repeated for an assessment
of damage. The MLI was then modified to incorporate a fiberglass tank support
strut and later, a fluid line penetration. Thermal performance tests were made
with each configuration. The thermal model was modified to include a lap
joint typical of the preliminary designs and the boiloff test repeated.

A cumulative increase in heat transfer rate was noted as testing progressed. The
launch load tests caused approximately a 10% increase in heat flow. The cumu-
lative effects of tank support and fluid line penetrations caused a 50% increase
in heat flow. Correlations with predicted heat transfer rates and temperatures
were reasonable in most cases.

A full scale mockup was made of the LH2~LF2 vehicle with two oblate spheroid
tanks in tandem. MLI blankets were assembled and installed to verify fit-up
and clearances. The design improvements necessitated by this investigation were
incorporated on the detail design drawings of both vehicles.

Task III involved correction of the analytically derived designs in light of the
test results. Correlations between prediction methods and test results were
made, and heat transfer values for MLI and penetrations in the thermal analysis
computer program were adjusted to be representative of experimental values.
The vehicle weights were recalculated with the program and it was found that
the inert weight of the LH2~LF2 vehicle increased by only 1.5% and the
FLOX-CH4 vehicle decreased by 1.2%.



In conclusion, it was found that combining the continuous structural shell of a
vehicle body, e.g., honeycomb sandwich, with the integrated thermaI/meteoroid
protection system was impractical because of the excessive weight attendant in
the continuous shell structure. An efficient design was obtained however, when
the integrated thermal/meteoroid protection system was combined with a truss
structure vehicle. The MLI by itself was found to be the most weight efficient
meteoroid protection system.

Comparisons with a tank mounted protection system indicated there was little
weight difference between the two approaches.



Page Intentionally Left Blank



1.0 TASK 1 - DESIGN EVALUATION

A design evaluation of a space vehicle propulsion module was performed. The
vehicle incorporated an integral structural/thermal/meteoroid protection system.
The design evaluation was conducted in three phases:

(1) Screening and conceptual design investigations
(2) Preliminary evaluation
(3) Final evaluation.

The study flow is shown in the diagram of Figure 1.1-1. The sections of text
describing each element of the task are referenced in the figure. The Tank
Arrangement Screening and Insulation Concept Development were started con-
currently. The Vehicle Structure Evaluation was started during the initial screen-
ing stage of the Tank Arrangement Screening study. A large number of configura-
tions were initially considered as candidates, which were reduced in number in
successive study phases. For this reason, the vehicle configurations used in the
structural evaluation were not the final choices from the screening study in two
cases. The Tank Arrangement Thermal Efficiency study was conducted with the
ten vehicle configurations derived from the final tank arrangement screening. The
results of the screening and conceptual design investigation were evaluated in the
Combined Systems Evaluation phase and ten promising configurations were identi-
fied. The subsequent studies of Task I, i.e., the Preliminary and Final Evalua-
tions, were conducted in chronological order, resulting in final definition of two
vehicle configurations, one for each propellent combination.

The representative vehicle and mission constraints were:

Launch Vehicle: Titan 3D/Centaur

Launch Load Factors: Axial G's +4.0
-2.5

Lateral G's ±1.5

Factors of Safety: Structure/Thermal/Meteoroid
Protection 1.25 ultimate

Propellent tanks 1.4 ultimate, 1.25 yield

Mission: Mars Orbiter; 208-day trip time;Av =
5000 ft/sec to orbit.

Earth Injected Weight: 7500 Ibs for propulsion vehicle, payload
and Centaur Adaptor. Boost shroud
excluded.

Propellents: LH2/LF2, O/F ratio =12 :1

168 Ib LH2; 2002 Ib LF2; total weight = 2170 Ibs
(includes 2% residuals).
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Propulsion Vehicle:

Propel I ant Tanks:

Engine System:

Meteoroid Protection;

FLOX/CH4 (82.6% by weight F2), O/F
ratio = 5.25:1

2050 Ib (931 kg) FLOX; 390 Ib (177 kg) CH4;
total weight = 2440 Ib (1108kg)

(includes 2% residuals)

Maximum diameter 10 ft (3.06m); contained
within a boost shroud; payload diameter
identical to vehicle; payload oriented
towards the sun; solar panels and antennas

extended beyond 10ft (3.06m) diameter
after launch.

Non-vented during coast. Thermally mixed
propellents. Supported by fiberglass
tubular struts.

5000 Ib thrust; oxidizer NPSP = 12 psig, fuel
NPSP = 8 psig; helium pressurant for L^r

CH4 and FLOX, autogenous pressurization
for LhU. Engine weight = 108 Ib.

Probability of no failure due to meteoroid

impacts = 0.999.

1.1 Screening and Conceptual Design Investigation

In order to provide information for development of designs in the Preliminary

Evaluation phase it was necessary to conduct a conceptual design and screening
investigation. The investigation was concerned with propellent tank arrange-
ments, vehicle structural concepts and material choices, and thermal protection

concepts. This phase was concluded with an evaluation of the effects of com-

bined systems on vehicle weight and complexity, and the identification of 10
promising vehicle concepts for further study.

A "vehicle" as defined for purposes of this study consisted of a structural body,

a centaur adaptor structure, a payload support system, a payload, propellent
tanks, an engine and attendant fluid lines, pressurization systems and electrical
systems. These items are identified on the sketch of Figure 1.1-2. Thermal/
meteoroid protection blanket locations are identified also. For example, a

"top deck" blanket is one which separated the payload from the propellent tanks
located in the uppermost compartment.

The items which are discussed later in the section entitled, "Tank Arrangement
Thermal Efficiency", comprise those components of the vehicle which were
variables as a function of heat transfer rate. Specifically, the items were tank

size and gage, insulation thickness, propellent vopor mass, helium tank size and
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Figure 1.1-2: PROPULSION VEHICLE DESCRIPTION
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gage, and helium mass. The weights of these components were derived and used
as a basis for comparisons between various tank arrangements.

1.1.1 Tank Arrangement Screening

Initial Screening

The tank arrangement screening was accomplished in two phases. An initial
screening was made based on data from simple layouts of a wide range of vehicle
concepts. The layouts were prepared by grouping the tanks as compactly as
plumbing and structure would allow. A minimum clearance of 6 inches (15.2 cm)
was established between adjacent tanks or tanks and vehicle structure.

Propellent tanks were sized to contain 2170 Ib (984kg) Lfy/Lfy and 244° lb

(1110kg) FLOX/CH4.

An engine configuration was obtained from Reference 1.1-1. This design was
considered typical for FLOX/CH^ and LHU/LF« propellents.

Figure 1.1-3 shows representative design layouts for two vehicle configurations.
These were used to calculate surface areas, lengths and ratio of vehicle to
tank volume.

The surface area parameter was selected because it was indicative of thermal/
meteoroid protection, ground hold protection, and structural shell weight.

Vehicle length was selected as an evaluation parameter since vehicle bending
moments influenced structure weight.

The vehicle to tank volume ratio parameter was selected because it indicated
the amount of space available for other system components. A high ratio meant
more useable volume for a particular vehicle.

The results of the initial screening are contained in Tables 1.1-1 and 1.1-2.
The vehicle configurations are categorized into general types by the heavy hori-
zontal lines. Selections were made from these charts for a more thorough
evaluation and screening. An "ideal"configuration was one with minimum sur-
face area and vehicle length, a high volume ratio and no significant disadvan-
tages. Selections were made so that at least one concept from each general
type was retained in the investigation, with the exception of Vehicles 2-14
and 2-4. In this case neither vehicle was chosen since it was planned to
evaluate the Lh /̂l̂  counterpart, Vehicle 1-14.

Final Screening

The final screening was made with concepts selected from Tables 1.1-1 and 1.1-2.

11



CONCEPT 1-1

CONCEPT 2-U (FLOX/CH4)

Figure 1.1-3: TYPICAL VEHICLE LAYOUTS
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Table 1.1-1: VEHICLE SCREENING DATA

CONCEPT
NUMBER
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Table 1.1-2: FLOX/CH, VEHICLE SCREENING DATA
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NUMBER
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Structural arrangements were prepared with emphasis placed on (1) definition of
internal structure to support tanks and 5K engine loads and (2) primary vehicle
and payload support members.

Structural members were sized for the boost or 5K engine thrust loads as applic-
able. Payload weight was derived by subtracting the estimated structure, tank
and propellent weights from the 7500 Ib (3410 kg) vehicle launch weight.
Structural members and propellent tanks were assumed to be aluminum.

In some cases vehicle length or diameter was altered from the values shown in
Tables 1.1-1 and 1.1-2 to accommodate structural members which had been
neglected in the initial screening. An example of this is Vehicle 2-8 which
was initially configured with the engine gimbal point located on the bottom
plane of the propellent tanks. A crossed-beam structural arrangement was se-
lected for the engine and lower tank support of this design resulting in a vehicle
length increase of 20 in (50.8 cm).

The propellent tank operating pressures used for this preliminary evoluation were:
LH2 -30 psia (206.8 kN/m2), LF2 -50 psio (344.7 kN/m2), FLOX - 100 psio
(689.5 kN/m2), and CH4 -40 psia (275.8 kN/m2). The cryogenic properties
of 2219 aluminum were utilized. In the majority of cases the tank gage was set
by an arbitrarily established minimum fabrication thickness of 0.025 in (0.064 cm).
Propel lant tank supports were fiberglass/epoxy tubular struts. These were sized
by the compressive load condition.

The design layouts for the seven LhU/l̂  and seven FLOX/ChL vehicles are
shown in Figures 1.1-4 through 1.1-17. The structural arrangements chosen were
those which appeared to best satisfy the load path requirements for each partic-
ular tank arrangement. Component weights are also shown on the figures. These
weights formed the basis for a further ranking of concepts,

An evaluation of propellent feed system complexity was made for single and
multiple tonk arrangements. Representative feed and pressurization system design
schematics are shown in Figures 1.1-18 and 1.1-19. The ground rules estab-
lished for constructing these system designs were:

1. Multiple fuel or oxidizer tanks were manifolded together and a single
fuel supply valve used between the manifold and the engine. The reasons
were to decrease system complexity by eliminating multiple valve opera-
tions and to reduce valve weight.

2. A reaction control system was available for settling propellents prior to
engine burn, thus eliminating C.G. shift problems in the manifolded
tank configurations.

15
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OF REGULATOR

1/4" DIA UPSTREAM OF REGULATOR
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Q ORIFICE

Figure 1.1-18: PROPELLANT FEED SYSTEM CONCEPT - INDIVIDUAL TANKAGE
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3. The helium gas pressurant for propellent expulsion was stored in LFo or
Chh tanks. The cryogenic temperatures resulted in minimum vessel
weight and storage in the warmer of the two cryogen tanks eliminated
the need for a heat exchanger for conditioning the pressurant,

4. Helium or nitrogen gas for valve actuation was stored in a separate
bottle, external to the cryogen tanks. The high pressure needs of valve
actuators and low pressures of propellent tanks necessitated a two stage
regulator if common pressurant storage was employed. With the approach
selected, no regulator is needed in the "blow down" valve actuation
supply system since the quantity of pressurant required is small. It was
assumed that the valves operated only once during the mission.

5. Separate pressure regulators were necessary for the fuel and oxidizer sides
of the propellant supply system. This approach was selected because
natural pressure rise will differ between cryogens, thus a single regulator
results in an unwarranted tank weight penalty for one system.

A preliminary weight statement for the propel lant feed system components is pre-
sented in Table 1.1-3. Several component weights were estimated from para-
metric trend data assembled from various valve manufacturers, therefore, the
total weight was only an approximation. Manifolding the four LF« tanks to-
gether had a minor effect on system weight, thus the main disadvantages of
multiple tank storage were in (1) providing thermal protection for the "wet"
lines and manifold and (2) the operational complexity, i.e. assembly, leak
checking and repair, and reduced reliability associated with multiple plumbing
joints. The weight of the feed and pressurization system was not used in deter-
mining structural loads or ranking of the vehicle concepts at this stage of the
study because of the slight differences noted.

Vehicle Concept Ranking

Propulsion vehicle concepts were ranked on the basis of (1) weight trends, (2)
operational complexity, and (3) thermal isolation complexity. The LHL/LFj
and FLOX/Cf-L vehicle evaluations were conducted independently. An objective
of this ranking was to retain variety in the configurations selected.

Weight trends were given the highest priority in the evaluation. Thermal isola-
tion and operational complexity had equal but lesser importance. A point
system was assigned these latter two items to obtain a quantitative appraisal.
The point system is described below. A high point value assignment indicated
the best design.
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WEIGHTS IN IBS (KILOGRAMS)
DIMENSIONS IN INCHES (METERS)

Table 1.1-3: - FEED SYSTEM WEIGHT SUMMARY
CONCEPT 1-1 (4 If2 TANKS)

FEED SYSTEMS

LF2 Feed Lines
LF2 Manifold
LH2 Feed Lines
Fittings
Gimbal Bellows
LF2 ShutoFf Valve
LH2 Shutoff Valve

FILL & DRAIN 1" (.0254)

Lines
Fittings
Quick Disconnects 1/2 (.0127)
Fill Valve

PNEUMATIC CONTROL SYSTEM

Bottle Instl.
Helium
Lines & Fittings
Solenoid Valves (3)

PRESSURIZATION SYSTEM HARDWARE *

LF2Vent Manifold 2" (.0508)
LF2 Press Lines 1/2"(.0127)
LH2 Press Line 1/2"(.0127)
LH2 Vent Line 1" (.0254)
Supply Lines
Fittings
1/4" N.C. Squib (1)
Filter (1)
Pressure Regulator & Relief (2)
Check Valves 1/2" (.0127)
LH2 Vent Valve 1" (.0254)
LF2 Tanks Vent Valve 2" (.0508)
Vent Quick Disconnects (2)
Pneumatic Quick Disconnects (2)

SUPPORTS (20%)

TOTAL

12.7
8.5
2.2

14.9
9.2
7.6
6.4

4.2
1.8
5.2
5.8

10.0
1.0
2.5
2.5

(5.77)
(3.86)

(.99)
(6.76)
(4.18)
(3.45)
(2.91)

0-9)
(.82)

(2.4)
(2.6)

(4.5)
(.45)

0-14)
0.14)

5.0
2.8
0.7
2.5
0.6

10.0
0.7
1.0
7.5
1.2
4.3
9.0
5.0
1.2

(2.27)
(1.27)
(.32)

0.14)
(.27)

(4.5)
(.32)
(.45)

(3.4)
(.55)

(1.95)
(4.09)
(2.27)
5.45)

61.5 (27.9)

17.0 (7.7)

16.0 (7.2)

51.5 (23.38)

29 (13.2)

175 (79.5)

Does not include helium, helium bottle installation or Tank pressurant deflector
installations.
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Operational Complexity

Ranking Items In Increasing Order of Importance

1) Distance from C.G. to gimbal point

2) Tank quantity

3) Tank accessibility

Points Available

1 -8

9 - 1 6

17 -24

Thermal Isolation Complexity

Ranking Items in Increasing Order of Importance

1) Minimum tank supports

2) Prelaunch thermal protection

3) Tank isolation from payload

4) Oxidizer isolation from fuel (LhU/LFo only)

A description of the ranking items follows:

Points Available

1 -8

9 - 1 6

17 -24

17 -24

The distance from vehicle C.G. to the gimbal point was important in terms of
vehicle maneuvering capability. A long distance was favored.

Tank quantity influenced such operational factors as ullage management, filling,
residuals, pressurization and manifolding. A minimum number of tanks was
favored.

Tank accessibility was important for modifications, removal or inspection. Ac-
cessibility from the outside of the vehicle without removal of other tanks or
structure was favored.

A minimum number of fiberglass tank supports was desirable to reduce heat trans-
fer. The number and location of tank supports was dictated by tank size and
location of vehicle "hard points" in some instances.

The ease of providing prelaunch thermal protection and non-condensing purge gas
supply was important. Simplicity in routing purge lines, compartment isolation
and evacuation of compartments during ascent were favored.

The payload comprised the major source of radiative heating to the propellents.
A small vehicle diameter with a minimum of tankage surface area in view of
the payload was favored.
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Thermal isolation of LhL from LF« was important because of their large tempera-
ture difference. A minimal surface area between tanks and availability of
structure for mounting internal thermal protection blankets was desirable.

The vehicle concept ranking results are summarized in Table 1.1-4. Weight
trends are listed first in the table and a numerical ranking value assigned to
each. The least weight design received the highest rank (1). For the LH2/LF2
propellents, this design was Vehicle 1-14. Vehicles 1-7 and 1-3 were nearly
the same weight and were ranked second and third. Vehicle 1-1 had a heavy
engine thrust structure and a stiffened cylindrical shell which caused it to be
rated fourth. Vehicles 1-20, 1-8 and 1-6 all had stiffened skin shell structures
which resulted in greater weights. Vehicle 1-6 was particularly heavy because
of the pay load support cone.

For the FIOX/CHL propellents, Vehicles 2-18 and 2-19 with common bulkheads
were the least weight and were ranked first and second. Vehicle 2-16 was the
heaviest because of the FLOX tank support beam arrangement.

The operational and thermal isolation complexity rankings follow weight rankings
in Table 1.1-4. The conclusion from this evaluation for LH2/LF~ propellents
was that Vehicles 1-14 and 1-7 were the least complex and all the others were
about comparable in complexity. The common bulkhead tank configurations
2-18 and 2-19 rated high for FLOX/CH4 propellents. Vehicles 2-2, 2-1,
2-8 and 2-16 were about equally complex, but with more disadvantages than
Vehicle 2-18. Vehicle 2-20 was ranked the lowest.

Five LhL/LF^ and five FLOX/ChL vehicle concepts were selected for further
evaluation as a result of the ranking effort. Some choices were obvious, for
example Vehicles 1-14, 1-7 and 2-18. Vehicle 1-6 was eliminated because of
weight. Vehicle 1-8 was eliminated becouse of weight and similarity to Vehicle
1-3. Vehicles 1-3, 1-1 and 1-20 were retained because they were third, fourth
and fifth in order of weight and represented distinctly different vehicle con-
figurations. For the FLOX/CH^ designs, Vehicle 2-19 was eliminated because
of similarity to 2-18. Vehicle 2-20 wos eliminated due to complexity and
instead, Vehicle 2-14 with CH. above the FLOX was substituted. This change
was made because of the favorable rating received by Vehicle 1-14. Vehicle
2-1 was retained because it was similar to Vehicles 2-2 and 2-16 and repre-
sented a multi-tank configuration. Vehicle 2-8 was retained but converted to
spherical tankage (2-3) because it appeared to be a good choice for Lr^/LF^
propellents and it was representative of a different vehicle configuration. A
new configuration, Vehicle 2-7, was introduced as the fifth choice because of
the favorable rating received by Vehicle 1-7.

The final selections are illustrated in Figure 1.1-20. The tonk arrangement
screening phase was not expected to yield firm conclusions on the best choice
of vehicle concepts due to the preliminary nature of the evaluation. Some
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FLOX - CH4 CONCEPTS

2-18

2-14

2-1

2-3

2-7

CM4

LH2-LF2 CONCEPTS

Figure 1.1-20 : TANK ARRANGEMENT CONFIGURATION SELECTION
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definite trends were established, however. The configurations with two oblate
spheroid tanks (1-14) and the common bulkhead tankage for FLOX/CH^ pro-
pellants offered the most advantages. The choice of vehicle concepts shown in
the figure was influenced by the need for retaining configurations which pre-
sented a variety of external shapes, thus allowing a thorough evaluation of
advantages or disadvantages in integrating the thermal/meteoroid protection/
structural systems.

1.1.2 Tank Arrangement Thermal Efficiency

A tank arrangement thermal efficiency study was conducted with the configura-
tions defined in Figure 1.1-20. The study was initiated by assigning MLI
(Multilayer Insulation) blanket locations to each design sketch. Typical blankets
were those which separated the payload from the tankage and oxidizer from fuel
tanks. A radiation view factor calculation program was utilized to find view
factors for the configurations. These were used to determine boundary tempera-
tures which were subsequently employed in another program to calculate radiation
heat balance and optimize insulation thicknesses in all locations of a given
vehicle configuration. Steady state heat flow was determined parametrically as
a function of insulation thickness. The calculations included only the radiant
interchange and conduction through the MLI thickness. Structure and penetration
heat flow were not included because of the limited time available for this phase
of the study and the large number of analyses required. Propellent temperatures
were held constant at one-atmosphere values for this study, since the most effi-
cient heat balance was one in which there was no propellent pressure rise.

The computer aided optimization program which was developed was entitled TATE
(Tank Arrangement Thermal Efficiency). This program randomly selected insulation
thicknesses and calculated heat flow to and from the propellents. It also deter-
mined tank pressure rise, tank dimensions and weight, insulation weight, helium
pressurant and helium tank weight, and residual propellent vapor weight. The
program saved and printed out the five least-weight cases out of 10,000 random
selections for each vehicle configuration. These results were only relative,
allowing identification of advantages and disadvantages of each arrangement, but
not true weights. A detailed explanation of the program is contained in Appendix
A located in Volume II, NASA CR-121104.

The MLI used in the analyses was 15 gage (0.15 mil) double aluminized mylar
with nylon net spacers. The layer ratio was 70 shields per inch and the density
was 3.25.lbs/ft3 (0.052 am/cm3).

Propellent tonks were assumed to be 2219-T6E46 aluminum alloy. The helium
pressurant tank was assumed to be 301 stainless steel with a 5000 psia (34,474
kN/m ) design limit pressure. The helium tank was stored within the warmer of
the two tanks (CH^ and ty) for each propellent combination. The appropriate
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cryogenic material properties from Boeing design manuals were used in determin-
ing tank gages.

The solar panel and antenna sizes selected for the study were typical of those
used in the Viking project. The configuration is shown in Figure 1.1-21. Pay-
load diameter was a variable depending upon propulsion vehicle tank configura-
tion and arrangement, therefore, the solar panels and antenna were assumed to
retain their position relative to the edge of the vehicle. The lower surface
temperature of these appendages was assumed to be 520 R (289°K) and the emit-
tance was 1.0. This thermal environment was considered constant throughout the
entire 208 day mission.

Figures 1.1 -22 and 1.1 -23 show typical thermal models of the one LH2/LF2 vehicle
concept. In this case, the thermal efficiency of tank arrangements was evaluated
in normal and inverted positions. The sketches show MLI panel locations, the
thicknesses selected by the program and the external temperatures obtained by
the heat balance analysis. Emissivity values for the various surfaces are also shown.
A value of 0.2 was used for aluminum tankage, 0.4 for sidewall and aft facing
surfaces, 0.05 for the exterior of the MLI facing the heat source and 0.03 for
the interior of the MLI.

Figures 1.1-24 and 1.1-25 are printouts from the TATE program for the two vehi-
cles discussed in the preceding paragraph. In addition to the information shown
on Figures 1.1-22 and 1.1-23 these printouts give data on tank pressures and
wall thickness, heat flow and component weights. In all but one case the tank
wall thicknesses derived were less than the 0.025 in (0.064 cm) minimum fabri-
cation limit. Tank design pressures were obtained by adding the NPSP, 8 psi
(55.2 kN/m2) for the fuel, 12 psi (82.7kN/m2) for the oxidizer, to the vapor
pressure and multiplying by a factor of 1.25. This pressure was used to calcu-
late the wall thickness, based on the yield strength of the material.

The results of the study are shown graphically in Figures 1.1-26 and 1.1-27.
Figure 1.1-27 includes two graphs, one representing FLOX/CH^ with insulation
separating the fuel and oxidizer and one without insulation between the tanks.
In the latter case a propellent equilibrium temperature of 170°R (94.4°K) was
maintained.

For the LH2/LF2 vehicles, the configuration using two oblate spheroid tanks
(1-14) was the most efficient regardless of tank arrangement. Vehicle 1-1 with
the LhU tank forward was also very efficient. This was due to the small heat
flow to the hydrogen on the conical surface because of the open configuration
and the large base area for heat rejection resulting in low Lp2 tank pressures.

The two-oblate spheroid configuration (2-14) was also the most efficient for the
FLOX/ChL vehicles, followed by the common bulkhead concept, 2-18. Vehicle
2-1 was evaluated in two configurations. The inverted position, with the FLOX
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520°« t - 1.0
— 120"

272V

PAYLOAD

SOLAR PANEL

520°R t - 1.0

.aft r0-"8"

. 0"R
(SPACE)

Figur. 1.1-22: THERMAL MODEL VEHICLE 1-1

5200R

l - 0.4

(SPACE)

Figure 1.1-23: THERMAL MODEL VEHICLE 1-1 (INVERTED)
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PRESSURE IN PSIA (NEWTON/METER ) DIMENSIONS IN INCHES (METERS)CONFIGURATION 1-1

I. SPHERICAL FUEL TANKS
FUEL: P(V.P.) - 70.25 PSIA (484,373.75)

TANK RADIUS - 26.63 IN. (.676)
4. SPHERICAL OXIDIZE! TANKS

OXY: PTV.P.) • 29.02 PSIA (200,092.9) P(DESIGN) - 51.28 PSIA (353,575.60) T(ALLOW)
TANK RADIUS • 13.43 IN. (.341) TIUSED

INSULATION THICKNESS - INCHES (METERS)
BOTTOM FUEL 0.0100 (.00254)
SIDE FUEL 0.0847 (.02202)
SIDE OXIDIZED 0.3230 (.008) 0.0704 (.0018)
TOP OXIDIZES 0.4784 (.012)
INSIDE 0.0209 (.0053)

PIDESIGN) • 97.81 PSIA (674,399.95) T(ALLOW) - 0.0251 IN. (.0064)
T(USED) • 0.0251 IN. (.0064)

0.0077 IN. (.0002)
0.0250 IN. (.0063)

HEAT FLOW (Q-OOT) -
TOTAL FUEL
TOTAL OXIDIZE*

BOTTOM FUEL
SIDE FUEL
SIDE OXIDIZER
TOP OXIDIZES
INSIDE TO FUEL

TEMPERATURES -
FUEL
OXIDIZER

BOTTOM FUEL
SIDE FUEL
SIDE OXIDIZER
TOP OXIDIZER

WEIGHTS -
INSULATION
FUEL VAPOR
OXIDIZER VAPOR
HELIUM (FUEL)
HELIUM (OXIDIZE!)
HELIUM TANK
FUEL TANK
OXIDIZER TANK
TOTAL WEIGHT

BTU/HR. (WATTS)
(1.33)
(.057)
(.00015)
(.014
(.025

(1.59)
(1.20)

PEG S (°|CFLVINI
36.500 (20.3)

153.200
35.320

109.967
271.579

1.95
-.0005

.457

.862

5.44

4.10

-.251 (.0074)

IDE INSULATION
(OXIDIZER NODE I)

SIDE INSULATION
(OXIDIZER NODE 2)

INSIDE INSULATION

SIDE INSULATION (FUEL)

501.194

LBS.

25.177
0.853
0.858
0.0
2.015
5.520

22.888
23.108

(85.1)
(19.62)
(61.09)
(150.88)
(278.39)

(KILOGRAMS)
(11.4)
(.39)
(.40)

(.92)
(2.51)
(10.37)
(10.49)

139.973 (77.76)'

RADIUS OXIDIZES
TANK (4 PLACES)

RADIUS FUEL TANK

80.359 (36.5)

Figure 1.1-24: THERMAL PROGRAM PRINTOUT DATA - VEHICLE 1-1

CONFIGURATION 1-1 (INVERTED) PRESSURE IN PSIA (NEWTON/METER') DIMENSIONS IN INCHES (METERS.
1. SPHERICAL FUEL TANKS

FUEL: P(V.P.) - 53.10 PSIA (366,124.5) PIDESIGN) • 76.37 PSIA (526,571.11 T(ALLOW) - 0.0193 IN. (.0049)
TANK RADIUS - 26.27 IN. (.667) T(L'SED) - 0.0250 IN. 1.0063)

4. SPHERICAL OXIDIZES TANKS
OXY: PfV.P.) - 4.84 PSIA (33,371.8) PIDESIGN) - 21.05 PSIA (145,139.8) TiALLOW) - 0.0031 IN. (.00008)

TANK RADIUS - 13.05 IN. (.331) TIUSED) " 0.0250 IN. (.0063)

INSULATION THICKNESS
BOTTOM OXIDIZER
SICE OXIDIZER
TOP FUEL
INSIDE

INCHES (METERS)
0.0100 ,.000254)
0.0962 .00244)
0.3834 (.0097) 0.9041
0.04°7 1.0012)

TOP INSULATION
(FUEL NODE 2)

UEAT FLOW fQ-DOT) -
TOTAL FUEL
TOTAL OXIDIZER

BOTTOM OXIDIZER
SIDE OXIDIZER
TOP FUEL
TOP OXIDIZER
INSIDE TO FUEl

TEMPERATURES -
FUEL
OXIDIZER

.BOTTOM OXIDIZER
SIDE OXIDI2ER
TOP FUEL
TOP OXIDIZER

BTU/XR.
3.39

-1.92
-5 43

.743

1.90

4.16
1.39

PEG >

36.500
153.200
119.050
200.257

(WATTS)
,.099)
i.056>

.1.591
.21")
.056) .095

••1.22)
..041)

<°KELVIN)

,'20.31
fS5.ll
66.14)

111.26)
514.720 ,'285.861
363.582 (201.99)

WEIGHTS -
INSULATION
FUEL VAPOR
OXIDIZER VAPOR
HELIUM (FUEL)
HELIUM (OXIDIZER)
HELIUM TANK
FUEL TANK
OXIDIZER TANK
TOTAL WEIGHT

LBS. (KILOGRAMS)
13.138 (6.4)
0.613 (.28)
0.159 (.072)
0.0
0.930 (.42)
2.549 (1.16)

22.121 (10.1)
21.BJ7 ( 9.91

TOP INSULATION
(FUEL NODE 1)

INSIDE INSULATION

TOP INSULATION
(OXIDIZER)

SIDE INSULATION
(OXIDIZERI

NftOTTOM INSULATION
(OXIDIZER)

'-RADIUS
OXIDIZES TANK

RADIUS FUEL TANK

61.539 (27.941

Figure 1.1-25-.THERMAL PROGRAM PRINTOUT DATA - VEHICLE 1-1 (INVERTED)
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tank on the bottom proved the best because the conical surface radiated heat
from the vehicle instead of gaining heat as was the case for Vehicle 1-1. The
conical surface temperature of Vehicle 2-1 inverted was 125°R (69.5°K), con-
siderably cooler than the 170°R (94.5°K) oxidizer.

Insulation between oxidizer and fuel had only a slight influence on system weights.
Realizing that this insulation would jncur an additional weight penalty in the
form of supporting structure, fasteners and joints, this approach was abandoned.

1.1.3 Vehicle Structure Evaluation

The purpose of this study was to determine preliminary least-weight approaches
for construction of the vehicle body and Centaur adaptor as required by the
boost load environment. Meteoroid protection and heat transfer characteristics
of the structure were not considered in this evaluation.

The study was conducted with representative vehicle configurations selected from
the initial phase of the "Tank Arrangement Screening". The vehicles were
selected so that a broad range of sizes and loads were represented. Five con-
figurations, shown in Figure 1.1-28, with diameters ranging from 65 to 120 in
(1.65 to 3.05m) were chosen. Three of these were Vehicles 1-14, 1-8 and 1-2.
The other two structures were adaptors for Configurations 1-14 and 1-8.

The structural concepts which were evaluated included several types of continu-
ous shells and truss members in a "sawtooth" arrangement. Materials used in-
cluded titanium and aluminum, and non-metal lie composites consisting of epoxy
resins reinforced with boron, carbon and fiberglass filaments. These materials
were used individually and in combination to produce the lightest structure
possible.

An estimate of weights for tanks, basic vehicle structure, adaptor, propellents
and payload was made for determining axial, lateral and bending loads. Figure
1.1-29 illustrates the model used for analysis of Vehicle 1-8.

For the adaptor designs using continuous shell structures, the axis of moments
was taken at the base of the adaptor. Since both axial and shear loads were
introduced into truss structure adaptors at the vehicle/adaptor interface, this
plane was used as the axis of moments for truss construction. A tabulation of
loads and moments for the adaptor of Figure 1.1-29 is given below:
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Limit Loads

Vehicle
_ Adaptor
"3 1-8
r*

CO

VI <"§1
0 0<

.£ 24- *•-c to
o(J

~

Vehicle
Body

Pay load
.

0)

in 3

p u<^5 2
</̂

Vehicle
Body

Pay load
-

Weight
Ib (kg)

2466
(1120)

4934
(2240)

2466
(1120)

4934
(2240)

For the vehicle body
was taken at the base
moments was taken at
applied at
lists axial

Vehicle
Body

= 1-8
_c
"» 0)

M.O o'

1 1
o

Vehicle
Body

'ay load

0 ^

a)
v> D

II
-t

Vehicle
Body

Pay load

Moment
Arm

in (m)

108
(2.74)

171
(4.34)

15
(0.38)

78
(1.98)

Moment Axial Load Shear Load
@1.5G F V

M @4G @1.5G
Ib-in(Nm) Ib (N) Ib (N)

400,000 9,900 3,700
(45,100) (44,000) (16,400)

1,265,000 19,700 7,400
(142,900) (87,500) (32,900)

1,665,000 29,600 11,100
(188,000) (131,500) (49,300)

55,500 9,900 3,700
(6,250) (44,000) (16,400)

578,000 19,700 7,400
(65,300) (87,500) (32,900)

633,500 29,600 11,100
(71,550) (131,500) (49,300)

designs using continuous shell structures the axis of moments
of the body. For designs using truss structures the axis of
the vehicle/payload interface. All of the body weight was

the payload interface for
loads and moments for the

Weight
Ib (kg)

2466
(1120)

4934
(2240)

•

2466
(1120)

4934
(2240)

Moment
Arm

in (m)

15
(0.38)

78
(1.98)

0
(0)

34
(0.87)

the axial load condition. The table below
vehicle body of Figure 1.1-29.

Limit Loads

Moment @ 1 .5G Axial Load @ 4G
M F

Ib-in (N m) Ib (N)

55, 500 9, 900
(6,250) (44,000)

578,000 19,700
(65,300) (87,500)
633,500 29,600
(71,550) (131,500)

0 9, 900
(0) (44,000)

252,000 19,700
(28,400) (87,500)
252,000 29,600
(28,400) (131,500)
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The ultimate design loads used in sizing structural elements for the adaptor and'
vehicle bodies using continuous shell structures were derived as follows:

NX • < N X M + N X A > < ' - 2 5 >

where: Nv = The ultimate applied load
X

Ny.. - The limit applied load due to bending moment =

M

•a R2

R = Vehicle or adaptor radius

N... = The limit applied axial load =... - -

The ultimate design loads used in sizing truss members (tubular struts) for the
adaptor and vehicle bodies were derived as follows:

P = (PA + PM) (1'25)

where: P = The ultimate strut load

P. = The limit strut load due to axial loading = F./2Cosy#

F. = The limit axial load at the apex of two struts = F/N.~

2 Cos/J = A geometric correction for the angularity of the strut

N_ = The number of strut apex's

(e.g. twelve for Vehicle 1-8)

P.. - The limit strut load due to bending moment = F.,/2 Cosft

FM

. . 111^. I l l l l l l 3 I I U I IWUU UU^ l\J U C I I U I I I U I I I W I I I C I I I — I . . /
M M

2M
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The ultimate design loads obtained for the study vehicles are tabulated below:

Shell Height Strut Length Shell Radius Shell NX Strut P
Vehicle In (m) in (m) In (m) Ib-in (N/m) lb(N)

1-14 36.5 49.3 32.5 586 10,000
(0.93) (1.25) (0.83) (120,000) (44,480)

1-8 44 45 45 258 2,225
(1.12) (1.14) (1.14) (45,100) (9,870)

1-2 28.5 - 60 129 -
(0.72) (1.52) (24,300)

1-14 81 83 32.5 550 4,230
Adaptor (2.06) (2.11) (0.83) (96,000) (18,800)

1-8 93 94.2 49.2 347 3,050
Adaptor (2.36) (2.39) (1.25) (60,600) (13,550)

A computer aided optimization method was employed to determine the minimum
weight designs.

The computer aided design study involved screening optimum designs of a large
number of concepts. Because of the large number of variables and failure modes
which had to be treated, extensive use was made of a multi-variable search tech-
nique coded as the OPTRAN (OPTimization by RANdom search algorithm) code.
A flow chart is given in Figure 1.1^30 for the basic OPTRAN code. Closed form
analysis code modules for calculating weight, constitutive stiffness coefficients
and constraint conditions (failure modes) were inserted in appropriate locations
in the basic FORTRAN IV OPTRAN deck to specialize the deck for a specific
structural concept. OPTRAN established designs by random selection of values
for the dimensional parameters (skin thickness, stiffener spacing, stiffener thick-
ness, etc.) from specified search ranges. Minimum gage design constraints were
accomplished by proper specification of the search ranges. If a design was
found that had lower weight than the best preceding design, the constraints were
then checked. If all constraints were satisfied for the design load condition,
then the design became the current best design. The process was repeated until
a specified number of good designs were found, say 5 out of about 200 trial
designs, which completed a search cycle. Design refinement was achieved by
resizing the respective variable search ranges and conducting another search
cycle; the search cycles were repeated until the variable search ranges were
squeezed down to a specified size which signified convergence to an accept-
able optimum design.
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CONTINUE
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SEARCH
CYCLE

INPUT
DESIGN CONFIGURATION DATA
LOAD CONDITIONS
MATERIAL PROPERTIES
OPTIMIZATION CONTROL DATA
INITIAL VARIABLE PARAMETER RANGES

ESTABLISH DESIGN CANDIDATE BY
RANDOM SELECTION OF DIMENSION
PARAMETERS FROM PARAMETER RANGES

[CHECK FOR WEIGHT REDUCTION

CHECK CONSTRAINTS
GENERAL INSTABILITY
MATERIAL STRENGTH
LOCAL CRIPPLING MODES

I-

EC

CONS^
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-| GOOD DESIGN ESTABLISHED |

RESIZE VARIABLE PARAMETER
RANGES TO CONVERGE DESIGN
TO OPTIMUM
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REFINE DESIGN

I TERMINATE DESIGN CYCLES AND I
I OUTPUT OPTIMUM DESIGN DATA I

Figure 1.1-30: OPTRAN CODE FLOW CHART

INPUT FEASIBLE DESIGN SPACE (1
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BEST DESIGN
FROM CYCLE
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MINIMUM MAXIMUM

VARIABLE

Figure 1.1-31: OPTRAN OPTIMIZATION STRATEGY
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The search method was made adaptive by resizing the variable search ranges for
each new cycle according to changes in the respective variables for the best
designs from the preceding two cycles. Thus if one variable showed greater
variation from cycle to cycle, its range was made broader to increase the proba-
bility of directing the design to a true minimum. The use of discrete variables
(standard structural sections, number of composite laminate plies, etc.) presented
no difficulties in this search method.

The optimization strategy coded in OPTRAN is illustrated by a simplified two
variable design optimization problem shown in Figure 1.1-31 having linear weight
characteristics. The feasible design space at the beginning of the first cycle
consisted of the unshaded area which contained all possible configurations that
did not violate any constraints. The point 1 represents the values of the design
parameters X] and X2 constituting the best design found during the first cycle.
The feasible design space for the second cycle was established by applying an
arbitrary factor to the input search ranges. For following cycles, the boundaries
were established as a function (subject to an arbitrary minimum band width) of
the variations of x-j and X2 for successive best designs found during the pre-
ceding two cycles. The current best weight formed an upper boundary to the
new feasible design space because each new best design must show a decrease
in weight.

The optimum minimum weight design, point n, was the best design from the final
cycle and was bounded by the two constraint functions, g, = 0 and QJ = 0- The
third constraint function did not govern the final design, although it might have
been encountered during previous cycles. Trapping of the design at a non-
global minimum, such as the weight valley on the go = 0 constraint curve, was
generally avoided by using the random point search.

Figure 1.1-32 shows the concepts and materials considered. The geometric vari-
ables are also identified. In several instances the fabrication characteristics of
some materials limited their use, e.g., boron filaments cannot be formed around
small radii, thus they could not be used as the core for truss core concepts.
Table 1.1-5 lists the material properties used in the analysis.

The failure mode constraints for tubular struts were: Euler buckling, local buckl-
ing (Reference 1.1-2) and material yielding. The failure mode constraints for
honeycomb sandwich were: material strength, general instability (Reference 1.1-3),
panel instability, face dimpling and face wrinkling (Reference 1.1-4). The
failure mode constraints for corrugated construction were: material strength, gen-
eral instability (Reference 1.1-2), local panel instability, corrugation web
crippling and corrugation flange crippling (Reference 1.1-5). Failure mode con-
straints for truss core and stiffened skin construction methods were: general
crippling, stiffener web crippling and stiffener flange crippling (Reference 1.1-5).
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ô o

U

o

oo
x x
* +



Results of the vehicle structure investigations are shown in Figures 1.1 -33 and
1.1-34. In Figure 1.1-33, the weights of continuous shell structures are plotted
versus shell load. The weights include stiffening rings smeared uniformly over
the surface. Each vertical line represents a specific vehicle with a certain
height, diameter, and center of gravity. The vehicles shown range from the
relatively short, large diameter, Vehicle 1-2 with low shell loading to the long,
narrow, Vehicle 1-14 adaptor with high shell loading, thus a reasonably wide
range of vehicle types was bracketed.

Carbon/epoxy and boron/epoxy laminates in both corrugated construction and
honeycomb sandwich provided the least structural shell weight for the entire
range of vehicles. Fiberglass corrugations and fiberglass and aluminum honey-
comb sandwich showed promise except in lightly loaded structure where minimum
gages were obtained. Titanium structure in any of the forms considered had no
particular advantage. Truss core and stiffened skin concepts were investigated
for Configuration 1-14 using the full range of materials. These two approaches
resulted in relatively heavy structure, therefore further investigation was limited
to Vehicle 1-2.

Some typical dimensions of the four least-weight configurations of Figure 1.1-33
are listed in order of increasing weight in Table 1.1-6. The 0.02 skin thick-
ness obtained for most of the cases was the minimum gage limit used in the
analysis. This explains why titanium was not competitive.

In Figure 1.1-34 individual tubular strut weights are plotted versus strut length.
As in the previous plot, the vertical lines each define a specific vehicle. The
lines connecting similar points for each vehicle do not indicate weight trends as
a function of member length, because the member loads are different for each
case.

The advanced composite materials exhibited the most potential for minimizing
weight and titanium had the least. Fiberglass offered no particular advantage
at this stage of the study.

Comparisons of tubular strut and shell structures are presented in Figure 1.1-35.
The weights presented are not representative of entire vehicles and therefore
comparisons between vehicle types would not give an accurate assessment. In-
stead, this data is presented to show the relative ranking of truss and continuous
shell structural concepts as candidates for construction of individual vehicles.
Such item? as tank support beams, fittings, engine thrust members, payload sup-
ports and miscellaneous hardware are not included in these estimates. In the
case of Vehicle 1-14, approximately one-half of the total shell weight is repre-
sented because the vehicle is divided into two vertical compartments and only
one of these was considered. For each vehicle, truss structure consistently
offered the least weight.
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Table 1.1-6: CONTINUOUS SHELL STRUCTURE DIMENSIONS
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u
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SHELL PROPERTIES
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Carbon Corrugation Rein- (
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/
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Carbon Ring Reinforcements/
i

Carbon/Epoxy Honeycomb
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Aluminum Core \
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Figure 1.1-35: VEHICLE STRUCTURE EVALUATION RESULTS
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1.1.4 Insulation Concept Development

Work in this phase of the program consisted of (1) the development of conceptual
designs of insulation panels for attachment to both truss and shell type vehicle
structures, (2) an analytical evaluation of various ground hold thermal protection
schemes preparatory to development of design configurations, (3) tank mounted
MLI comparisons, and (4) an insulation evacuation analysis and evaluation of
candidate MLI materials. The design study was performed with several propulsion
vehicle structural arrangements, which presented different insulating problems.

Insulation Panel Designs

During the development of conceptual designs, consideration was given to ease
of MLI panel installation and removal, attachment methods, prelaunch purging
and thermal protection provisions. The following sections describe concepts for
thermal protection of tankage along vehicle sidewalls, between payload and tank-
age, between oxidizer and fuel tanks and along the vehicle base.

It was necessary to establish certain ground rules so that the results of the ther-
mal and weight efficiency analysis of concepts would be meaningful. These were;
(1) the diameter of the vehicle was fixed at 120 in (3.1 m); (2) the height at
36 in (0.9m); (3) a 45 conical lower surface extending to the engine was select-
ed; (4) all external surfaces required meteoroid protection, a preliminary selection
consisted of either the structural shell or Beta fiber cloth or 3 mil aluminum;
and (5) one inch (2.54 cm)of 0.15 mil aluminized mylar/nylon net MLI on all
surfaces.

Weight and thermal efficiency comparisons were expected to reveal the advant-
ages or disadvantages of specific design features such as the number and type of
panel joints, panel fasteners, MLI blanket retainers, panel encapsulation and
corner joints. The design concepts presented would be suitable for use with some
of the other more common MLI materials which possess adequate strength. Ex-
amples of these are (1) sliced foam/aluminized mylar, (2) dacron net/aluminized
mylar, (3) silk net/aluminized mylar, (4) scrim clotfi (fortrel or dacron)/alumin-
ized mylar, (5) NRC-2, (6) NRC-2 in combination with any of the spacers
mentioned, and (7) tissuglas/aluminized mylar.

Figure 1.1-36 presents a concept for assembly and attachment of three prefabri-
cated MLI multilayer panels to the inside of a vehicle shell structure. The shell
structure served as the meteoroid shield. The MLI blanket would be attached to
the structural shell by means of two rows of fiberglass studs. One row of studs
would be bonded near the top of the shell and the other bonded near the bottom.
Blanket buildup and installation was simplified by the use of removable layup
posts that positioned layers during assembly. After buildup, the blanket would
be removed from the layup board with posts retained in the blanket to control
layer alignment. The assembly would then be installed on the shell by slipping
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the layup posts inside the hollow fiberglass studs. After the posts are removed,
fiberglass buttons would be installed in the studs to hold the insulation in place.
In addition, fiberglass filaments or titanium screen could be installed between
the studs to provide lateral support.

Installation of the MLI in the lower conical area of a vehicle is depicted in
Figure 1.1-37. Here there is no structural shell for meteoroid protection, con-
sequently the blankets were encapsulated in Beta fiber cloth. The conical multi-
layer blanket would be built up on a cone shaped layup board using removable
layup posts similar to those described in previous paragraphs. The blanket would
be supported on hollow fiberglass studs at top and bottom. For additional lateral
support, fiberglass filaments or titanium screens were provided on both sides of
the blanket.

Initial study results indicated that very thin insulation blankets were all that was
necessary on the aft facing surfaces of the vehicle. The drawing of Figure 1.1-38
presents a concept which combined both ground hold and flight thermal protection.
Panel construction consisted of fiberglass honeycomb core, foam filled, with 3 mil
polished aluminum face skins. The panels were fastened to engine thrust members
by means of mounting clips insulated from the member by fiberglass studs or foam
barriers.

Two approaches for flat MLI bulkheads between tanks and payload or adjacent
tanks are shown in Figure 1.1-39.

The version shown in Section B-B (Bulkhead Concept 1) was supported by a honey-
comb sandwich which was both support structure and part of the insulation. During
the gas purged ground hold phase, the cryopumped honeycomb would be an effec-
tive portion of the insulation bulkhead since gas purged MLI is relatively ineffi-
cient. In space the MLI blanket would become effective after evacuation.

The bulkhead would be supported in the vehicle by low heat leak fiberglass
brackets which tie it to the upper ring and tank support beams.

In the MLI bulkhead design shown in Section C-C (Bulkhead Concept II), MLI
would be supported by a titanium screen that rests on the vehicle upper ring and
tank support beams. The blanket would be built-up on hollow fiberglass studs
fastened to the titanium screen. After assembly on the bench the insulation bulk-
head would be installed on the vehicle and secured against lateral movement by
velcro patches.

A method of supporting a multilayer insulation blanket to separate hydrogen and
fluorine tanks is shown in Figure 1.1-40. A titanium wire mesh was used on
both sides of the blanket to provide lateral support. The blanket would be
built-up on a cone shaped layup board using the removable layup posts discussed
previously. The blanket would have openings and be slit to provide for tank
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supports and piping. After removal from the layup board, the blanket assembly
would be installed in the vehicle and supported at its edge and center by
hollow fiberglass studs attached to secondary structure. A method of providing
access from the top for vent valve replacement is shown.

The drawing of Figure 1.1-41 shows a method of utilizing the Beta fiber cloth
meteoroid bumper as a building platform and support structure for the MLI blanket.
Three of these integrated panels would be required for the cylindrical portion of
the vehicle and eight for the conical base. The Beta fiber cloth would be
rigidized with epoxy resin, and molded in a curved contour. The MLI blanket
would be assembled on the Beta fiber cloth and attached with nylon retainers.
Holes could be formed in the blanket with a hot needle. The melt down head
approach for retainer studs would provide a quick and permanent means of attach-
ment and stabilization of layers, however boost loads are expected to cant these
fasteners dur to poor moment carrying capacity. This approach might be limited
to thin MLI blankets. An alternate stud approach is shown wherein lock washers
were used to stabilize the studs and the Beta fiber cloth. When flight loads are
applied the Beta fiber cloth could buckle locally, however the material is so
flexible that no damage is expected.

Complete panels were held to truss members, upper and lower rings, and adja-
cent panels with Velcro tape. Abutting MLI edges were thermally disconnected
by net, thin foam or fiberglass batting.

The approach selected for payload thermal isolation was a continuous blanket of
MLI supported by polypropylene netting stretched across an aluminum hoop. The
MLI would be laid-up from 48 in (122 cm) wide roll stock with 1/2 in (1.27 cm)
overlaps along the edges. These overlaps would be staggered to avoid excessive
thickness. The polypropylene net would be reinforced with dacron webbing and
stitched along the perimeter of the hoop, thus producing an encapsulating enve-
lope with strength and resilience. The hoop was held in place in the vehicle
with snap rings which permitted easy removal. The MLI blanket was restrained
by means of nylon retainers.

A radiation window occurred at the corner joint and this was shielded with a
MLI blanket mounted to a fiberglass tray. The tray, with insulation installed,
was mounted to the structure in segments.

In this concept it was assumed that perforated radiation shields were used for
evacuation of purge gasses, therefore it was necessary to perforate the Beta
fiber cloth/epoxy laminate.

The insulation panels in Figure 1.1-42 were cut to fit the spaces between truss
members. The MLI materials were encapsulated with Beta fiber cloth on the
outside for meteoroid protection and netting on the inside. The edges of the
panels were reinforced and provided with metal grommets. The panels would be

60



laced to the truss members. This approach leaves the truss members exposed to
the cryogenic tankage, therefore a method of thermal isolation is also shown.
The truss member covers consist of MLI built-up on open weave epoxy impreg-
nated fiberglass cloth. The layers would be stitched to the fiberglass as necessary.
The multilayer on these covers would have perforated radiation shields providing
an escape path for purge gasses. The triangular shaped panels had no perfora-
tions and would be edge pumped. The covers were attached to truss members with
patches of Velcro tape.

The payload isolation MLI blanket would be constructed in a manner similar to
the previously described concept, however, the aluminum hoop would be replaced
with an extruded nylon edge member. The panel would be drawn taut by lacing
along the edges. A radiation window is also present at the corner in this design.
The corner would be protected by a MLI patch mounted on a nylon film substrate.
This would be perforated like the MLI to allow purge gasses to exit. The sub-
strate was made flexible with a hinge to accommodate variations in fit-up.

Figure 1.1-43 shows an approach for assembling MLI blankets on the inside of a
shell, using a fiberglass latticework structure as an assembly aid, and to support
flight loads. The structural shell served as the meteoroid barrier in this concept.

MLI materials would be assembled on the bonded latticework and attached using
the slotted nylon tubes. These were located at the midpoint between lattice
member intersections. The attachments were slotted to allow purge gases to
exit from the MLI and serve as the main exhaust ports for the vehicle purge sys-
tem. A lattice assembly would be installed on the vehicle over fiberglass studs
at predetermined locations on the shell or shell rings. The studs were designed
with a floating base feature which allowed for minor misalignment. A "snap"
cap was used to lock the lattice assembly in place. Joints along panel abutting
edges were step lapped to minimize radiation "windows", and were thermally
isolated with foam strips.

The conical base of the vehicle was insulated in the same manner, however,
eight panels were required because of material width limitations. To produce the
conical curvature it was assumed that aluminized mylar roll stock was used in a
radial pattern, cutting each layer to a pie shaped piece. The material would
conform to the conical shape without wrinkling using this approach.

The payload isolation approach consists of four discrete shields of 2 mil alumin-
ized mylar. These would be applied to a fiberglass framework in one-quarter
segments using Velcro tape, thus making it possible to remove a single quadrant
for access to the interior. The framework could also be assembled in four sec-
tions by sliding into channels on a center hub. The sections would be locked
in place by a rotating cap on the hub. Four fiberglass diagonal channels were
used to space and support the shields on their longest span. This same structural
approach could be used to support a MLI blanket.
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The concept of Figure 1.1-44 used three separate insulation systems. The first
and outermost was a single layer of Beta fiber cloth that surrounded the outside
of the truss structure on the sides and was coupled with a 5 shield blanket of
MLI to reduce heating of the structural members. The second system was com-
prised of the MLI blanket panels which were mounted on the inside of the truss
structure. Beta fiber cloth meteoroid protection was provided with the bottom
panels. The third system was a foam substrate layer (fiberglass reinforced) which
was assembled on the cryogenic tanks.

The MLI panels were mounted on two fiberglass or nylon rings which were
attached to the structural rings. These were the only points of attachment of
the MLI to the structure. The panel system would be perforated to simplify
purging. The outer Beta fiber cloth/MLI shield would reduce direct radiation to
the perforated multilayer insulation, and was not perforated. The cryogenic tanks
were encapsulated in a foam covering for ground hold protection.

Figure 1.1-45 shows lacing concepts for MLI blanket assemblies. The radiation
shields and nylon net spacers would be loosely laced together with nylon cord
as shown in Detail B. Since the aluminized mylar shields are easily torn when
pierced, holes for lacing would be burned in with a hot needle. Detail C shows
typical hole and slit patterns. Two shields with a separating spacer would be
laced together into sub-assembly "A" using the holes in the shields. Two sub-
assembly "A's" with a separating spacer would then be laced together into sub-
assembly "B" using the slits in the shields. This lacing arrangement maintains
a separation between shields. Fabrication difficulties are foreseen in design of
tooling for accurately locating the lacing holes and slits. Accessibility to per-
form the lacing operation may also be a problem. On this particular arrangement,
since the individual spacers would be attached to the vehicle support structure,
the blanket assembly would be laced together only along the edges.

Detail E shows a stepped joint. This arrangement would be used to join panel
blankets along the seams. The first step after the blankets were attached at
both ends was to pull back the outer stepped layers of the one blanket to ex-
pose the inner seam. Inner net layers from both blankets would be pulled
through this seam and laced together. This inner step would be packed with
spacer material to prevent shorting between misaligned radiation shields in the
adjacent blankets. The outer stepped layers would be returned to position and the
gap packed with spacers. The outer layers of nylon net would be overlapped and
laced together.

The paylodd deck blanket is shown in Section A-A. This blanket, although laced
together as shown in Detail B, required a special arrangement of holes and slits
in the radiation shields to accommodate the pie-shaped shield sections. This
section shape was necessary due to material width limitations. The shield seams
would be rotated with respect to adjacent shields in order to uniformly distribute
thickness buildup. This blanket assembly extended beyond the outer diameter of
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the side panel to provide insulation for covering the radiation window at the side
panel intersection. At each structural attachment point the shields were slit and
cut to permit folding down with a minimum overlap at the seams. At the end of
the slit the spacers were tied together with nylon cord. Attachment loops were
formed from the tie, and the outer and inner nylon net was attached to this tie.
The loops extended to the support bracket attached to the vehicle structure. The
portion of the blanket which extended down along the side panel was held in
place by lacing through the adjacent nylon net surfaces.

For the upper side panel attachment wire hooks were embedded in inner nylon
net covering the payload deck insulation. This inner nylon net supported the
upper end of the side panels. Metal or nylon cord loops were attached to the
side panel spacer shields. A support pin through these loops was mounted to a
clip. This arrangement permitted attaching the clip to the hook in a limited
access condition.

The lower side panel and the thrust structure insulation were attached together at
their intersection (Section A-A, Figure 1.1-45). An overlapping insulation
blanket covered the radiation window at the intersection and provided the attach-
ment tie from the vehicle structure to the side panel and thrust structure insula-
tion blankets. In all cases the attachments in this area were made by lacing
overlapping nylon net surfaces together. A strip of nylon net was bonded to the
vehicle structure for this attachment.

Figure 1.1-46 shows insulation/sidewall panel assembly concepts. These concepts
provided the integration of structural panels with insulation and meteoroid shields.
The panel assemblies were adaptable to the cylindrical portion of the vehicle
structure and to the thrust cone section. Joints were along the longerons or the
thrust beams. A gap was maintained between the structural panels and the in-
sulation for channelling the purge gas flow. In the cases shown, the insulation
was perforated and the purge gas was vented either into the compartment or out-
side the compartment. Intermediate attachment of insulation to the structural
panels in both cases used nylon support rods with washers bonded in place.

Detail E shows a stepped joint concept for on assembly with the insulation out-
side of the structural panel. The overlap insulation strip assembly would be
manufactured using thin diameter nylon pins. This strip was attached to the in-
sulation panels with overlapping nylon layers laced together. Radiation windows
along the steps were packed with separator material.

Detail H shows a stepped joint concept with the insulation and inner and outer
:fiberg|qss .support, structure. The assembly was bonded to the vehicle structure
longeron or beam; 'along with the anchor nuts for panel installation. There was
a fiberglass standoff frame along the edge of the panel to align panel insulation
with joining strip insulation.
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Figure 1.1-46: INSULATION/SIDEWALL PANEL
ASSEMBLY CONCEPT
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Accessibility for packing the voids along the steps with separators was limited
in this design. Two alternate configurations were apparent. One configuration
would mount the MLI to the structural panel at a distance which was constant
with the fiberglass standoff along the edge. A narrow uniform gap between the
structural panel and insulation could be provided by attaching the panels to the
inside leg of an "I" section longeron or beam.

A foldable compartment separator is also shown in Figure 1.1-46. This blanket
arrangement could be used with a MLI blanket or with widely spaced discrete
shields. Detail B shows the discrete shields supported from nylon rods with
positioning washers. The radially located nylon rods would be linked together
with two nylon tension cords. Tensioning of these cords at the periphery of the
separator and attaching to the vehicle structure provided the necessary support
(Section A-A). Detail C is a similar arrangement for supporting a MLI blanket.

A preliminary estimate of the weights of sub-structure, fasteners, edge members
and other details required to mount the thermal/meteoroid protection system was
made for several of the design concepts. The weight data is presented para-
metrically in Figures 1.1-47 through 1.1-50. Each figure represents a portion
of the vehicle such as the sidewall, conical portion, etc. In these curves the
weight of the thermal/meteoroid protection installation for each design drawing
is plotted vs. MLI thickness. The basic MLI is shown for comparison. The
total weight lines are nearly parallel to the MLI lines because the installation
features and meteoroid protection were necessary regardless of MLI thickness.

One complete vehicle insulation installation is represented by Figure 1.1-41.
Another complete vehicle installation is represented by Figures 1.1-36, 1.1-37,
1.1-38 and 1.1-39. The installation features represent 28.8% and 27.2% of
the total thermal/meteoroid protection system weight of these two vehicles re-
spectively. This is somewhat surprising because the design features of each
concept are quite different. Total weights should not be considered correct
because a constant multilayer thickness and type was assumed to allow compari-
sons between the various mounting approaches.

Evaluation of Figures 1.1-47 through 1.1-50 shows that MLI mounting features,
such as honeycomb sandwich platforms or fiberglass support members, e.g.
Figures 1.1-37 and 1.1-39 (Concept 1), constitute a significant weight penalty
to the vehicle designs.

Some design concepts proposed the use of discrete shields for radiation baffles
between the payload and the tanks. An analytical appraisal of their value for
the top deck insulation .was .made. .Assuming only radiation, the heat flow is
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where N = number of discrete shields.

Using £. = £~ = .025 (same as assumption for insulation), the temperature of
the outer shield, TI = 520°R (289 K), and the temperature of the innermost
shield, TN = 150°R (83.5°K) the heat flow was:

_ 0.171 (5.2)4 -(1.5)4 _ 1.57 ,2
q -- (N - 1) (79) -- FTH Btu/Ft ' Hr

Heat flow of the optimized aluminized mylar/nylon net thickness (f ) was
nn

k = 3.0 x 10"13 (T.2 + T 2) (T. + T9) + 0.63 x 10~7 (T. + TJ
nn \ L \ L \ z

1
8nn

[3.0 x 10'13 (T.4 - T?
4) + 0.63 x 10~7 (T,2 - T 2)1

L 1 2 1 2 J

|3 x 10"5 (725) + 0.63 x 10"3 (24.79)1

I". 03175 + .0156] = -
)nn L. J onn

And, relating the heat flow of discrete shields and aluminized mylar/nylon net;

.0474 = 1.57

8 N - ]
°nn

N = 1 + 33.2 g,
nn

8 for the vehicle configurations studied ranged from:
nn

.383" < R < .904"
"nn
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and the average was:

8nn = 0.5"
avg

Therefore, the range in number of discrete shields would be:

14 < N < 31

and the average number of discrete shields would be

N =18
average

The number of discrete shields indicated from this study was considered excessive
and impractical for the proposed application.

Ground Hold Protection

A screening analysis of ground hold heat protection schemes was performed to
identify promising approaches for design study. Hydrogen and fluorine were used
as study propellents, with fluorine being somewhat thermally representative of the
FLOX and methane as well.

Study of ground hold heat transfer was made complex by the predominance of
convective heating and its sensitivity to purge gas flow rates, temperatures and
vehicle geometry. Because of the many vehicle and thermal protection configur-
ations of interest, a relatively simple approach to the analysis was used, from
which generally applicable conclusions on concept performance could be reached.
This approach was based on steady state heat transfer through and between vertical
walls - the boost shroud, vehicle structure and MLI, and the tank wall in the
simplest form. The walls were assumed to be planes, i.e., the change in area
of each of the vertical walls with radius was ignored.

Temperature dependent thermophysical properties were used in conduction and
convection equations. The external conditions which were used approximated the
average annual environment at KSC. A list of the detailed assumptions used in
the analysis is given in the following table.

Assumptions in Ground Hold Heat Protection Analysis

External Environment

Wind velocity = 15 ft/sec (0.05 K/sec)
Ambient temperature = 80°F (300°K)
Sun-to-shroud view factor = 1/2
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Surface Properties

Surface Emissivity Solar Absorptivity

Shroud - external .8 .3
Shroud - internal .8
Insulation encapsulant/

vehicle structure
External . 1
Internal .5

Tank surface . 1

Convective heating was due to natural or forced turbulent convection, whichever
was larger. (Natural convection was larger except at high flow rates, due to
low temperatures and large temperature gradients.) Equations used were from
Reference 1.1-6. Purge gas conductivity, viscosity and density data were taken
primarily from Reference 1.1-7.

Heat transfer to the hydrogen tank with a helium purge in the vehicle and boost
shroud is shown in Figure 1.1-51. The purge gas flow rate in this and most other
curves following was assumed to be small, with natural convection applying and
the heat capacity effect of the gas negligible. As expected with the helium
purged system, the hydrogen heating rate was quite high which would require
continual venting and top-off of the tank. As shown in Figure 1.1-51, the
addition of a divider to create a counterflow heat exchanger did not significantly
reduce the heating rate with a low purge gas flow rate.

The addition of foam on the hydrogen tank resulted in considerable reduction in
the heating rate as shown in Figure 1.1-52. Placement of the foam directly on
the tank wall resulted in the most efficient system since the foam conduction de-
creased and convective heat transfer increased at lower temperatures. In addition,
the area of foam was minimized by placing it on the tank. If the foam could be
jettisoned with the boost shroud, the efficiency would be of less importance.
Figure 1. 1 -53 shows the heat flow to the hydrogen tank if the foam was placed
outside of the vehicle MLI,

The use of sealed foam on the hydrogen tank introduced the possibility of using
nitrogen rather than helium as the purge gas. Figure 1.1-54 shows the heat
flow to the hydrogen tank with the nitrogen purge and foam on the tank. The
reduction .in heat flow compared to Figure 1.1 -52 was most dramatic for thin
foam and thick multilayer insulation. This was because the static purge gas in
the MLI provided the greater share of heat flow resistance for this combination.
The static conductivity of nitrogen was about 10% of helium conducitivity,
while the convective heat transfer coefficient was about 65% of the helium
coefficient.
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One approach to the evacuation of multilayer insulation after launch would be
to evacuate broadside to the panel through many small perforations in the radia-
tion shields. Using these perforations as the cold purge gas exhaust path, the
insulation could serve as a heat exchanger to reduce the prelaunch heat transfer.
Assuming for simplicity conductivity constant with temperature and purge gas
temperature equal to the insulation temperature at any location, solution of the
differential equation,

d .. dT , . dT .
-j— (k-j—) - me -j— = 0,
dx v dx p dx

in terms of heat flow through the internal surface was

me ( T l - T 2 )

*2 = —%n

where x = distance from external insulation surface,

-X. = insulation thickness,

k = insulation conductivity,

T. = external surface temperature,

T~ - internal surface temperature,

m = gas flow rate through unit surface area of insulation,

c = specific heat of purge gas, and

q« = conduction heat flow through internal insulation surface.

The ratio of heat conduction through the internal surface to that through the
external surface was

= e

where q1 = heat flow through external insulation surface.

These relationships were used with the compartment, shroud cavity, and external
heating to determine heat flow to the hydrogen tank shown in Figure 1.1-55.
It was assumed that the helium entering the tank compartment was at the bulk
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temperature of the gas within the compartment, so that the heat storage in the
helium occurred only in the insulation. The heat flow reduction was very large
for high flow rates and thick insulation blankets. Achieving high flow rates
without insulation damage did not appear to be a problem. The maximum cool-
ing condition shown in Figure 1.1-55 resulted in only about .045 Ib/ft
(2.15N/m^) pressure differential. However, the thinner insulations expected
for the flight requirements resulted in less efficiency unless the helium flow rate
was increased considerably.

Calculated heating rates to the fluorine tank were similar to those on the hydro-
gen tank. Heat flow with helium and nitrogen purges are shown in Figure 1.1-56.
Figure 1.1-57 shows the effect of foam on the tank with a nitrogen purge.

A fiberglass honeycomb structure could be used as a ground hold insulation, and
would perform efficiently if it was evacuated. Figure 1.1-58 shows the heat
flow to hydrogen and fluorine with a fiberglass structural shell selected from the
preliminary structural optimization results. The honeycomb panel was assumed to
be filled with COo, and the radiation, conduction and convection within the
cells were varied with temperature and COo residual pressure. The results show
that the structure provided a more efficient insulation if the MLI blankets were
mounted outside the structure, resulting in better cryopumping of the COo.

The use of a cold helium purge was examined to determine the cooling to be
derived from the purge gas heat capacity. The model used for this analysis was
Vehicle 1-14 (fluorine over hydrogen) with helium at LHo temperature entering
at the bottom of the LHo tank, flowing over its surface in a restricted purge
envelope, then flowing over the fluorine tank from bottom to top. The compart-
ment and shroud were assumed to be helium filled, but flow rate effects were
not included. MLI thicknesses were selected from the tank arrangement thermal
efficiency analyses. The results are shown in Figures 1.1-59 and 1.1-60. For
the case analyzed, the total heat flow to the hydrogen tank was reduced only
about 11%. However, the total heat flow to the fluorine, with the helium
much colder than the tank, could be reduced to zero, or even sub-cooled. The
flow rate used in the analysis was chosen to obtain a near zero heat leak with
the restricted purge. The compartment purge at the same flow rate was some-
what less efficient. The curves showed widely varying heat flow with location
on the tank. For the configuration analyzed the fluorine ullage space was still
heated at a high rate while the bottom of the tank was being cooled. This
would result in severe stratification not removed by convection in the tank, and
the ullage pressure would probably rise rapidly. Therefore, the use of a cold
purge gas at high flow rates might have to be restricted to configurations where
the cooling is more evenly distributed, or where the maximum cooling occurred
in the region of the ullage space.

The insulation and purging schemes discussed above offered several promising
methods for reducing the propellent heating during ground hold. Basic elements
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Structure = 3/4" (1.9 cm)Th?ck, 3/8" (.95 cm) Cell, .005" (.0127 cm)
Ribbon Fiberglass Honeycomb
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could be combined in a given design to give further heat leak reductions. How-

ever, with the exception of the cold helium purge on the fluorine tank, none of
those considered achieved a low enough heat leak for extended non-vented
storage. Combinations of the passive insulation systems with the cold helium
purge or closed refrigeration systems (such as tank mounted coolant tubes) would

be required.

Seven design concepts of ground hold thermal protection systems are described in
the following paragraphs. In these it has been assumed that the LHU or CH^
tank would be continuously topped-off during ground hold. A heat exchanger

to liquify the boil-off from the LF~ or FLOX tank was provided on the launch

stand for Concepts 1, 2, 3, 4 ancTS. Concepts 6 and 7 used LN2 in a heat
exchanger loop around the LF~ or FLOX vent manifold with a subsequent weight
penalty to the flight vehicle.

Concept 1 - Figure 1.1-61: Helium purge gas would be delivered at 154 R

(85.5°K) to a distribution disc at the pay load deck. This supply would purge

the LF~ tank compartment and be discharged through the perforated multilayer
along the compartment walls. A sealed honeycomb panel would protect the

payload from the cold purge gas. Helium at SJ 37 R (20.6 K) would be de-

livered to a distribution dome located between tank compartments. This supply
would purge the LH~ tank compartment and also be discharged through the walls.
The LH,, and LF~ tanks were not insulated in this concept. A containment cover
was wrapped around the vehicle to collect the purge gas exiting the compartments

and control gas flow so that all the MLI would be adequately purged. After

venting from the outer envelope at the bottom and mid-point of the conical sur-
face, the purge gas would flow between the vehicle and the shroud absorbing
additional heat. This same approach could be used for FLOX-Methane propel-
lents with the appropriate adjustments in purge gas temperatures.

Concept 2 - Figure 1.1-62: Helium purge gas would be delivered at ess 154 R
(85.5 K) to a distribution disc at the payload deck, and to a plenum chamber
around the L^ tank. The purge lines were routed into the vehicle along the
LH2 vent line. Two layers of foam surrounded the LHo tank with the purge
plenum in between. As in Concept 1, the payload was protected by a honey-
comb separator panel. A containment cover around the vehicle collected purge

gas which had passed through the perforated multilayer and forced the flow down-
wards towards the exhaust ports at the bottom of the vehicle.

This approach could also be utilized for FLOX-Methane propellents provided the

Methane was protected from localized freezing and vessel collapse due to internal
pressure drop.

Concept 3 - Figure 1.1-63: Nitrogen purge gas would be delivered at ambient

temperature to a line leading to the distribution disc between the payload and
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vehicle. This line was wrapped around the Lr^ vent to effect a heat exchange.
The LF9 tanks and manifolds; and the LHo tanks and lines were insulated with
foam. The vehicle shell provided a gas carrier and a containment envelope for
the purge gas which passed through the perforated multilayer. As in Concept 1,
venting the purge gas along the outside of the vehicle would intercept some of
the heat from the shroud.

Concept 4 - Figure 1.1-64: Liquid nitrogen would be delivered to a shroud
mounted heat exchanger. The weight of foam insulation and heat exchanger
coils on the shroud would not be chargeable to the vehicle. Boil-off nitrogen
gas from the heat exchanger would enter the shroud cavity which was sealed to
direct the gas through the side wall and thrust cone perforated insulation, into
the vehicle around the tanks. The gas would be vented radially out from the
pay load deck to atmosphere. The LF~ tanks and feed manifold system were un-
insulated. The LF~ vent manifold system and the LHo tank and lines were foam
insulated.

Concept 5 - Figure 1.1-65: Liquid nitrogen would be delivered to a distribu-
tion tube around the upper circumference of the vehicle. Boil-off nitrogen gas
from this tube would circulate down a plenum on the exterior of the vehicle and
into the interior through the side wall and thrust cone perforated insulation. The
gas would exit through the payload deck insulation where it would be vented
radially to the cavity between the shroud and the vehicle. Some heat from the
shroud would be intercepted by this gas before venting to the atmosphere. There
was no insulation on the LF« tank nor on the feed system. The LF« vent mani-
fold system and the LHL tank and lines were insulated with foam.

Concept 6 - Figure 1.1-66: Liquid nitrogen would enter the vehicle in a line
wrapped around the LF« vent manifold system. The vaporized nitrogen gas or
liquid would be distributed to a plenum around each LF« tank, and from there
to the compartment. The shroud was sealed so that venting to atmosphere
occurred at the top only. The purge gas would be allowed to move randomly
throughout the vehicle and through the insulation. The LhU tank and lines were
insulated in foam.

Concept 7 - Figure 1.1-67: This concept was similar to Concept 6, except
that the feed and vent lines for each tank were concentric tubes at the top of
the tanks. The liquid nitrogen heat exchanger was wrapped around these lines.
Vaporized or liquid nitrogen exited at the bottom of the Lp2 tank into the com-
partment. A deflector plate could be necessary if LNL was discharged. The
LH2 tank and lines were insulated with foam.

Preliminary weight estimates were made of the seven design concepts. These
are summarized in Table 1.1-7. The weights are significant, especially for the
more sophisticated systems.
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Figure 1.1-61: GROUND HOLD DESIGN CONCEPT 'l
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Figure 1.1-66: GROUND HOLD DESIGN CONCEPT f6
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Table 1.1-7

GROUND HOLD PROTECTION WEIGHTS

ITEM

H2 SYSTEM INSULATION

— — —

TANK

DELIVERY LINE FOAM
FILL & VENT FOAM

F2 SYSTEM INSULATION

TANKS

FILL LINE FOAM

VENT LINE FOAM

DELIVERY LINE FOAM

PURGE SYSTEM- TOTAL-

DISTRIBUTION PLATES

PAYLOAD INSUL.
BARRIER

FOAMr \^r^i vi

ALUMINUM TUBING

MISC. 5%

TOTAL WT.
LBS (Kg)

CONCEPT NUMBER

1

-TOTAL-

I
/

- TOTAL-

38.4
(17.4)
38.4

(17.4)

1.9
(.86)

40.3
(18.3)

2

48.4
(21 .97)

47.0
(21 .34)

1.4
(.64)

46.7
(21.20)

17.7
(8.04)

26.7
(12.12)

2.3
(1 .04)

4.8
(2.2)

99.9
(45.35)

3

47.3
(21.47)

45.9
(20.84)

1.4
(.64)

12.0
(5.45)

9 a• o

(4.45)

0.6
(.27)

1 6I « VS

(.73)

38.8
(17.62)

17.7
(8.04)

20.1
(9.1)

1.0
(.454)

4.9
(2.3)

103.0
(46.76)

4

46.7
(21.20)

45.9
(20.84)

0.8
(.36)

2.3
(1 .04)

2.3
(1.04)

324.5
(147.32)

20.1
(9.1)

191.4
(86.89)

113.0
(51 .3)

18.7
(8.49)

392.2
(178.06)

5

46.7
(21 .20)

45.9
(20.84)

0.8
(.36)

2.3
(1 -04)

2.3
(1.04)

23.1
(10.5)

20.1
(9.1)
1.0

(.454)

2.0
(.908)

3.6
(1.6)

75.7
(34.37)

6

46.9
(21.29)

45.9
(20.84)

1.0
(.454)

13.0
(5.9)

•5 9•J • 7

(2.68)

2.3
(1.04)

4 Q
.0

(2.18)

20.9
(9.5)

20.1
(9.1)

0.8
(.36)

4.0
(1.8)

84.8
(38.5)

7

47.3
(21.47)

45.9
(20.84)

1.4
(.64)

7.0
(3.18)
i 7i . /

(.77)

0 5w •«/

(.23)

2.1
(.95)

2 7. /

(1.23)

21.6
(9.8)

20.1
(9.1)

1.5
(.68)

3.8
(1.73)

79.7
(36.18)

WEIGHT IN LBS (Kg)
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Tank Mounted Insulation

Conceptual designs of tank mounted MLI systems were prepared for an initial
comparison with the shell mounted concepts discussed previously.

Figure 1.1-68 shows two types of tank mounted multilayer. The oblate spheroid
tank was insulated in the conventional gore and polar cap fashion, using pressure
sensitive tape to secure the layers. Joints in the radiation shields were staggered
and overlapped to prevent radiation windows. Insulation supports were not used
in this concept, instead the curvature of the panels and the tape made each a
continuous shell which was supported by the tank or preceding layers. Perfor-
ated radiation shields were believed necessary.

The cylindrical tank was insulated with one single curvature blanket and two
flat blankets. These were assembled on an epoxy/fiberglass grid which in turn
was suspended from the tank with webbing. This approach provided close control
of shield spacing and permitted fabrication of tapered joints. The curved panel
was attached to the fiberglass grid with rigid supports. Threads and buttons were
used for the top and bottom panels where the major loads were aligned with the
thread ties. The top and bottom panels were attached to sidewall insulation
with Velcro tape, which permitted removal for access to the tank outlet. A
single layer of 6.3 oz/yd Beta fiber cloth was installed over the exterior of
the vehicle for meteoroid protection.

Figure 1.1-69 shows several methods for thermally isolating individual tanks.
One approach utilized a foam substrate for extending ground hold capability with
a bonded fiberglass stand-off lattice for multilayer support. Another approach
made use of an insulated cage (several configurations are shown) which fit closely
over the tank and was supported either from the vehicle structure or tank supports.
Meteoroid protection was provided either by the corrugated skin panels or Beta
fiber cloth over the truss structure. Additional thermal isolation from the pay-
load was provided with a shadow shield or MLI blanket spanning across the top
of the vehicle.

Figure 1.1-70 shows combined tank and vehicle mounted protection systems for
truss structure and stiffened shell concepts. For the truss structure approach,
MLI was applied to each tank individually. The multilayer was layed up in
gores over fiberglass support rings and standoffs to form a cage encapsulating the
tank. Meteoroid protection for the truss structure approach was Beta fiber cloth
mounted on the trusswork.

For the stiffened skin structural concept, the smaller LFj tank was mounted on a
support stand which was free of any upper stage contact. The support stand was
attached to a structural ring. This approach was intended to minimize the heat
conducted from the pay load.
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Heat- flow by conducfion from the pay load would follow a path which was through
the external stiffened skin surface down to the support stand base before it could
enter the system.

The weight penalty imposed by the LFj tank support stand was a potential detri-
ment to this configuration. By mounting the lighter LHL tank on the stand, this
penalty would be significantly reduced.

The weights of tank mounted protection system designs for Figures 1 . 1 -68 and
1.1-69 are summarized in Table 1.1-8. The bulkhead insulation for the vehicle
design of Figure 1.1-69 in Table 1.1-8 was intended to serve as a buffer be-
tween payload and tank, and could be unnecessary, or it could be more weight
effective to allow thicker insulation on the tank.

A comparison of tank mounted and vehicle mounted protection systems at this
stage of the study showed that the tank mounted approaches were considerably lighter
weight. However, it should be recognized that these were only preliminary
figures and that meteoroid protection requirements had not been fully identified.
Installation features and meteoroid protection represent 19.6% and 18.5% of
total weight for the designs of Figures 1.1-68 and 1.1-69, respectively, ignoring
the weight associated with the bulkhead installation. This was asomewhat smaller
percentage than for the shell mounted concepts discussed previously.

Insulation Evacuation and Materials Assessments

Analyses were necessary to determine MLI blanket thermal performance in terms
of expected venting behavior of the design concepts. Both edge evacuation and
broadside pumping (perforated radiation shields) were considered.

The complete insulation evacuation analysis problem involved coupled mass trans-
fer, heat transfer, gas desorption from the insulation materials, and cryosorption
or evaporation at the tank wall. Such an analysis would have been extremely
complex and was not possible within the scope of this study. The analysis per-
formed for this study was simplified to include only single gas mass transfer and
the gas desorption, essentially equivalent to evacuation of MLI at room tempera-
ture. For a single gas, the transient unidirectional flow was described by

dt dx dx

where p 'was pressure and x was distance along the flow path. The coeffi-
cient B was proportional to pressure in the high pressure viscous flow regime
and was a constant, at p = 0. The transition region from viscous flow through
slip flow to molecular diffusion was not well defined. It was convenient to
write the equation as the sum of the viscous and diffusion flow. This was
possible since each term dominated the equation in its applicable pressure regime,
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Figure 1.1-68: TANK MOUNTED INSULATION CONCEPT
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Table 1.1-8: TANK MOUNTED INSULATION WEIGHTS

ITEM

Insulation Materials
Multilayer
Foam

Insulation Installation
Alum. Corrugated

Panel
F. G. Standoffs &

Hangers
F_G. Lattice Insula-

tion Cages

Meteoroid Protection
Beta Fiber Cloth
Attachments

Miscu 5%

TOTAL

WEIGHT

Bulkhead

Ib

(o.i)
6.5

(10.0)
10.0

0.8

17.3

kq

2.95)
2.95

4.54)
4.54

.36

7.8

Meteoroid
Protection
Ib

(-.8)
8.9
0.9

0.5

10.3

kq

(4.4)
4.0

.40

.227

4.67

Tanks

Ib

(66.3)
63.9
2.4

(0.2)

0.3

9.9

3.8

80 3

kg
(30.1)
29.0
1.08

(4.63)

.13

4.5

1.73

36.5

Total

Ib

(72,8
70.4
2.4

(<:o./
10.0

0.3

9.9

('>.*')
8.9
0.9

5.1

107.9

kq

(33.1)
32.0
1.08

(9.17)
4.54

.13

4.5

(4.4)
4.0
4.0

2.32

49.0

VEHICLE DESIGN - Figure 1.1-69:

ITEM

Insulation Materials
Multilayer
Foam

Insulation Installation
F.G. Cloth
Foam
Velcro
Dacron Web
Nylon Buttons
F.GU Studs

Meteoroid Protection
Beta Fiber Cloth
Velcro

Misc. 5%

TOTAL

WEIGHT
Meteoroid
Protection

Ib

(11.2)
9.0
2.2

0,5

11.7

kg

(5.08)
4.09

.99

.227

5.3

Tanks

Ib

(62.4)
62.2
0.2

(5.0
4.2
0.1
0.2
0.1
0.1
0.3

3,4

70.8

kq

(28.3)
28.2

.091

(.227
1.91

.04o

.091

.045

.045

.136

1.54

32.1

Total

Ib

('>2. 4)
62 2
0 2

(5.0)
4.2
0.1
0.2
0.1
0.1
0.3

(11.2)
9 0
2,2

3.9

82.5

kg

(28.3)
28.2

.091

(.227)
1.91
.045
.U91

.045
.045
.136

(5.08)
4.08

.99

1.77

37.5

VEHICLE DESIGN - Figure 1.1 -68:
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2 2
p = gas pressure, Ibf/ft (N/M )

and the result gave a fair approximation of the transition region. With this
change and the addition of a desorption term, the basic differential equation was

D dV NRT _dC
d 2 dtx

2
where C = concentration of absorbed gas, Ibm/ft /layer of insulation

(Kg/m2/layer)
2 2

D = diffusion coefficient, ft /sec (M /sec)
2 2

g = acceleration of gravity, ft/sec (M/sec )

K = permeability, ft2 (M )

N = insulation layer density, layers/foot (layers/M)

p = gas pressure,

R = gas constant

T = temperature, R( K)

x = distance, ft(M)

£ = void fraction in insulation

T] = viscosity, Ib/ft-hr (Kg/M-sec)

The first term on the right side of the equation describes viscous flow at high
pressure, and the second term describes diffusion flow at very low pressure. The
desorption term used (the third term on the right side of the equation) was an
empirical relationship based on insulation material outgassing test data:

4f = D (C - -£- C )
dt o p o

where D = a diffusion coefficient for a particular insulation
material and absorbed gas.

p and C = pressure and concentration at time = 0.rp o r

The numerical values of D were obtained from Boeing test data, and K and D
estimated from data in Reference 1.1-8. Values of other terms were readily
available in the literature. For broadside evacuation of MLI with perforated
shields, the values of K and D were adjusted to account for the additional
flow resistance of the orifices between each layer.

105



The differential equation was solved to determine the transient pressure history
using a computer program written for this purpose. The Crank-Nicholson finite
difference approximations were employed because of their stability and their
apparent success (Reference 1.1-9) in dealing with the viscous flow equation.

An analysis was made with the evacuation computer program to compare to a
rapid evacuation test from Reference 1.1-10. The results are shown in Figure
1.1-71. The test consisted of a helium purge through the perforated MLI for
one hour followed by rapid pumpdown. The analysis was started at 1 minute
into the pumpdown at a pressure of 1 x 10 torr throughout the sample. The
reduced concentration of absorbed water in the nylon net due to the one hour
purge was accounted for in the initial concentration selected. Considering the
uncertainty in the numerical values of some of the parameters involved, the
degree of correlation was reasonable.

The computer program was used to predict the residual gas pressure profiles for
aluminized mylar/nylon net and NRC-2, vented both broadside (through 2% per-
forations) and at panel edges. Results for the perforated insulations at room
temperature are shown in Figure 1.1-72. At a temperature of 300 R (167 K) the
curves were about a decade lower at 180 seconds, but the rate of pressure decay
past 180 seconds was much less. Based on available test results, the 300 R
(167°K) results were probably very conservative.

Interest in aluminized mylar-double silk net MLI prompted an evaluation of its
evacuation performance. Silk was known to lose about 7.5% of its weight in
a vacuum, compared to about 3% for nylon net. However, the outgassing rate
of silk net was initially much higher so it was anticipated that the MLI pressure
would be affected for only a short time. The analysis results, shown in Figure
1.1-73, verifies this. In the steeper portion of the curves between 2 and 25
minutes, the pressures were being controlled by silk outgassing. Beyond 25 min-
utes the pressure was governed by outgassing of the aluminized mylar. The
result was less total heat flow during ascent and evacuation than with aluminized
mylar/nylon net.

Ascent evacuation and heating analytical results were combined with the coast
phase heating to provide a comparison of the MLI systems studied. Figures
1.1-74 and 1.1-75 present the total mission heat leak per unit area versus the
MLI weight per unit area for three combinations of materials. The lower and
upper weights plotted for NRC-2 and aluminized mylar/nylon net represent the
1/4 to 1 inch (0.64 to 2.54cm) thickness range for which the ascent heating
analysis was performed. Figure 1.1-74 represents the vehicle sidewall and
1.1-75 represents the top deck between the payload and the vehicle.

For purposes of this analysis, it was assumed that the top deck MLI boundary
temperatures remained constant at 520°R (289°K) and 40 R (22.2°K) throughout
the mission. Hence, the ascent heating for the top deck reflected only the
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Figure 1.1-72: RESIDUAL GAS PRESSURE IN PERFORATED NRC-2 AND
ALUMINIZED MYLAR -NYLON NET
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increased conductivity due to helium gas pressure. Since the sidewall MLI was
subject to considerable variation in environment from launch to earth orbit to
coast phase, the boundary temperature was varied with time. Initial temperatures
were based on steady state thermal analysis of a helium purged system during
ground hold. The external temperature was assumed to rise to 410 R (228 K) be-
tween boost shroud jettison and earth orbit injection. Following earth orbit,
Centaur burn, separation and solar orientation, the sidewall external temperature
decayed to 250°R (139°K) as the view factor to earth decreased. The time
phasing is shown in Figure 1.1-76. Quasisteady heat flow through the MLI was
calculated using the residual gas pressure and boundary temperature histories.
The sidewall MLI ascent heating therefore reflected both additional gas pressure
in the MLI and higher temperatures.

The lowest curve for each insulation gives the total coast phase heating through
the basic MLI. The curves for edge evacuated MLI are the sum of the ascent
phase heating and basic coast phase heating. These do not include additional
heating due to joints required to obtain the assumed vent path length. It is ex-
pected that the venting length L would be at least 24 in (0.61 m), and with
some possible exceptions, the evacuation edges would correspond to panel joints
and edges dictated by the configuration. The curves for broadside evacuation
through perforations include the ascent phase heating for perforated MLI and the
coast phase heating. The coast phase heating for the perforated MLI was based
on conductivity equations where the radiation term had been increased to account
for the perforations.

For aluminized mylar-nylon net, the curves for optimum perforations were ob-
tained by minimizing the total mission heat leak as a function of the percent
area perforated. This was done using approximate equations for the ascent heat
leak based on correlation of heat leak from previous pressure decay computer
solutions with thickness and percent perforation area, and the MLI conductivity
equation modified to include percent perforation. The optimum percentage of
perforations was found to be linear with MLI thickness;

a = 0.88 for the top deck

a = 2.78 for the sidewall

where a = percent area perforated, and 8 = MLI thickness.

Comparison of the curves in Figures 1.1-74 and 1.1-75 showed that, for NRC-2,
edge evacuation was considerably more efficient than broadside evacuation. The
choice of evacuation method for the aluminized mylar/nylon net depended on the
location and thickness. On the sidewall, edge evacuation was the better choice
only for pumping lengths less than 6 to 12 in (15.2 to 30.4 cm). Since these
lengths were unrealistically low for most configurations, perforations would be
the better choice. On the top deck, optimum perforations were somewhat more
efficient than the 24 in (60.8 cm) edge evacuated blanket below ;15 Ib/ft
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(0.73 kg/m ), but these reversed in relative efficiency for thicker blankets. The
evaucation method for the top deck would depend on the MLI thickness required
and the ability to achieve the edge evacuation required without additional joint
heat leaks. Comparison of the two insulations in Figure 1.1-74 showed that
NRC-2 was considerably more efficient than aluminized mylar/nylon net for the
side wall. On the top deck they were of nearly equal efficiency. The data for
the silk net showed that the total heat flow would be less than with nylon net,
but that NRC-2 remained the most efficient for the sidewall location on the
vehicle.

Comparison of the basic thermal conductivity-density product of several of the
more promising insulations was made to aid in selection of materials for prelimin-
ary design. Also, equations describing the thermal conductivity parallel to the
layers were derived for use in MLI material trades considering effects of penetra-
tions. The basic conductivity equation, applicable for heat transfer either through
the layers or along the layers, is given in Table 1.1 -9. The equation for k
applies only to heat transfer through the layers. The coefficients kr and kc

are given in the table, along with the assumed shields per inch, and density for
two mylar thicknesses.

The coefficients for heat transfer through the layers were either obtained by
fitting to test data or were taken from Reference 1.1-11. For aluminized mylar/
nylon net, curve fitting was done using test data with hot face temperatures
from 360°R (200°K) to 610°R (340°K). With the silk net and polyurethane foam,
test data at only one set of boundary temperatures were available. For these
insulations, k was calculated and k determined at the test point with mini-
mum layer density. For heat transfer parallel to the layers, k was determined
by curve fitting to the analytical results of Reference 1.1-12. The conduction
term, k (T] + ^2^' was based on the linear variation with temperature from
Reference 1.1-13, and the room temperature values used in Reference 1.1-11.

Several graphical comparisons of these equations are shown in Figures 1.1-77,
1.1-78 and 1.1-79. In Figure 1.1-77, kp versus hot face temperature is
shown for .25 mil mylar. Figure 1.1-78 presents a similar comparison for .15
mil mylar. Conductivity parallel to the layers is shown in Figure 1.1-79. The
curves showed crinkled aluminized one side mylar most efficient, based on kp ,
at the low temperatures representative of the sidewall. This MLI gained im-
pressively by using 0.15 mil mylar, and became most efficient for all temperatures.
It should be noted that its conductivity would also be most affected by reduced
mylar thickness. This was not accounted for here, since no conductivity data
on the .15 mil material was available for comparison. The foam spacer appeared
attractive at low temperatures using the equation of Reference 1.1-11, but rather
poor based on a Boeing data point. Nylon net and the double silk nets were
competitive though less efficient than the NRC-2 type of MLI.
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Figure 1.1-79 showed that more dense insulations had higher conductivity parallel

to the layers, with double silk nets and foam giving the lowest conductivity.
The conductivity parallel to the layers could not be used directly in material
selection. Relative thicknesses, conductivity through the layers, and geometry
of the penetrations would influence the choice.

Gold coated and aluminized mylar were compared on the basis of conductivity-
density product for various coating thicknesses. Two typical vehicle MLI blankets
were considered, the top deck with boundary temperatures of 500 R (278 K) and
40°R (22.2°K), and the sidewall with boundary temperatures of 250°R (139°K)
and 40°R (22.2°K). Previously, it had been concluded that NRC-2 was best
suited to the sidewall location and either aluminized mylar/nylon net or NRC-2
for the top deck. Therefore, this study considered metallized (gold or aluminum)
mylar with nylon net spacers and metallized-one-side mylar crinkled to simulate
NRC-2.

The thermal conductivity for the metallized mylar/nylon net materials was cal-
culated from the equation:

o V"L T ' ; v'l ^ ' ; _7 DTI I IK.
k = h

 K. % h £- + 0.63 x 10 7 (I + T ) BTU IN

h ' 'c/ FT2 -HR-°R

or

n C n C . s \ i s i/\ ^' / ̂  , ^ \ * *0.16 x 10 (T, + T )
n c

where N = number of radiation shields

t = insulation thickness -v inches

E = emittance of the metallized surface as derived from
Figure 1.1-80 (Reference 1.1-14)

The equation was developed from test data using curve fitting techniques.

The thermal conductivity for crinkled metallized mylar was calculated from the
Reference 1.1-11 report. The equation was:
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BTU.FT
+ 1.87x10 (N) T O

- " F T 2 -HR-°R

1 . 6 4 o ( T + T ) ( T , + T )

) (T - + ^T- -1)

(N)2 '7T ,
m' m -UK

The value of e. was derived from Figure 1.1-80 and £ ^ from Reference 1.1-11.

Note that (N - 1) is used here, as given in the reference, whereas in the pre-
vious equations, the approximation (N - l)^vN was made.

The weights of mylar film and metal coating were calculated usina P mylar =
0.0502 Ib/in3 (1390 kg/m3), P gold = 0.697 Ib/in3 (19250 kg/m3), and
p aluminum = 0.102 Ib/in3 (2820 kg/m3). The weight of nylon net was ob-

tained from ADL and Boeing test data.

The results of the evaluation are presented in Figure 1.1-81. The aluminum
coating was the best choice for both types of MLI, in terms of least conductivity-
density product. One additional point was added to these curves, representing
Lockheed-National Metallizing data on sputtered gold coated 1/4 mil mylar.
The data, supplied by NASA/LeRC consisted of a gold coating thickness of 500
to 700A per side, and an emittance of 0.0215. The 1/4 mil mylar had been
converted to 0.15 mil for comparison purposes. The slightly higher emittance
of this material as compared to Figure 1.1-80 made it less competitive with the
aluminum especially at the higher hot face temperature.

Further study was directed towards identification of the most promising MLI by
evaluating the influence of blanket fasteners. An analysis of three materials
with one type of fastener was made. Table 1.1-10 shows the fastener geometry.
The analytical model for computer solution consisted of an axisymmetric arrange-
ment of nodes about the fastener centerline, with 6 nodes through the thickness
at 8 different radii from the fastener. As shown, one boundary was at a speci-
fied temperature while the other received radiation from a source at a different
temperature. The equations of Table 1.1-9 were used for this purpose, and were
also used "in the computer analysis.

Results of the analysis are summarized in Table 1.1-10. The data showed that
fastener heat leak differed significantly with the type of MLI. The heat leak
through the fastener decreased with thicker MLI, and the different thicknesses
and conductivity parallel to the layers affected the amount of change in the
MLI heat flow.
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Figure 1.1-80:
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The choice of MLI depended, among other considerations, on both the heat leak
through the fasteners to be used and the basic kp of the insulation. An effi-
ciency comparison that combined these two properties is shown in Figure 1.1 -82
for .25 mil mylar shields and in Figure 1.1-83 for .15 mil mylar shields. The
curves represent the sum of heat leak through the undisturbed MLI and the change
in heat leak due to the fasteners, multiplied by the MLI weight. This was equiva-
lent to an "effective" k p , but was dependent on thickness because the fastener
heat leak was not exactly proportional to thickness. The conclusions thus applied
only to thicknesses close to those analyzed. The thicknesses, densities and heat
leaks came from Tables 1.1-9 and 1.1-10. With .25 mil mylar and 500°R
(277 K), the aluminized mylar/silk net was most efficient, even though alumin-
ized mylar/nylon net was best on a kp basis. At 200 R (111 K) warm face
temperature, NRC-2 was best both with and without fasteners. With .15 mil
mylar, the crinkled-aluminized one side material (i.e., NRC-2 with thin mylar)
was most efficient with or without fasteners at both warm face temperatures. As
mentioned previously, there was some uncertainty in the performance of the
thinner crinkled mylar. Also, its use on the top deck was questionable due to
potential compaction.

Additional analyses of the effect of MLI material on fastener heat leak were
made. The analyses were similar to those discussed previously, but with the MLI
inside the structure, and a smaller fastener for the top deck. Table 1.1-11
shows the results for the 1/4 in fasteners for the sidewalk As shown, most of
the heat leak occurred through the MLI due to conduction from the fastener to
the insulation layers. For MLI outside the structure (Table 1.1-10), the heat
flow was reduced slightly. The results in Table 1.1-11 indicated little difference
between the three materials. However, the estimated errors in the total heat
leaks were 8%, 20%, and 33%, respectively, for the insulations as listed. This
potential error was due to difficulty in obtaining converged solutions at the very
low heat leaks involved. The total blanket performance is shown in Figure
1.1-84 for these insulations and the 1/4 in fastener. The difference in perform-
ance in this case was due primarily to the basic conductivity of the MLI.

An analysis was performed of small fasteners for the top deck. The smaller
fasteners were suggested for use in areas where shear loads were minimal, their
main purpose being to maintain blanket shape and improve handling characteristics.
Unlike the results for the vehicle sidewall, the heat leak was clearly affected by
MLI thickness and to some extent by lateral conductivity (see Table 1.1-12).
Accuracy of these results was considerably better than for the sidewall case.
Figure 1.1-85 shows the total blanket performance for the small fasteners. The
fasteners had much less influence on material choice than was shown previously
for large fasteners in external top deck MLI. The silk net became better than
the nylon net for less than 0.8 ft per fastener (0.074 m /fastener).

With internal MLI (i.e., inside the structure), there would be several penetra-
tions due to the tank supports. One penetration design from Figure 1.1-86 was
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.04 INCH DIA (0.102 cm ) FASTENERS
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selected for analysis to determine the effect on the sidewall MLI. The design
was idealized and modelled as shown in Figure 1.1-87, which also shows temp-
erature results for one of the cases analyzed. The idealization consisted
primarily of assuming the support perpendicular to the sidewall so that the pene-
tration was axisymmetric. To avoid the very complex radiation interchange
problem in the cavity, the view factors were approximated assuming no local
radiation interaction between the support and sidewall MLI, and providing radia-
tion from the support MLI to a large area MLI node representing the majority of
the cavity wall, and to the tank. Internal radiation within the support was not
included because this was not considered important to the MLI performance.

The heat leak results of the analysis are shown in Table 1.1-13. There was
little difference in total heat leak between the two cases with different sidewall
MLI (Case I and II), even though the relative difference in sidewall heat leak
increase was large. A third case was run to evaluate the influence of another
support insulation thickness on sidewall MLI. Comparison of Cases I and III
showed that the effect on sidewall MLI was insignificant. However, the reduc-
tion of total heat flow in Case III was significant, and suggested the need to
optimize the support insulation for the final designs.

1.1.5 Combined Systems Evaluation

The objective of the conceptual design and screening phases was to conduct an
evaluation which would identify promising combinations of tank/structure/thermal
protection for further evaluation in the preliminary design studies. Obvious
optimum arrangements of these combinations did not result from the studies, how-
ever, several important details were identified. The decisions which were made
as a result of the studies are discussed in the following sections.

Two insulation systems were chosen for the preliminary design studies. These
were aluminized mylar/nylon net and NRC-2. Silk and dacron net were also
retained as alternate spacer materials in the event that these might offer signifi-
cant advantages. Sliced foam was dropped from the study because of suspected
high outgassing and deterioration. All tank supports and fluid lines were to be
insulated with MLI, and a minimum number and diameter of nylon retainers were
to be used in MLI blankets.

The types of vehicle construction were also narrowed. Shell structures were
either honeycomb sandwich or ring stiffened corrugations. The materials for both
shell and truss construction were limited to aluminum, fiberglass and carbon
composite. It was decided that the Centaur adaptor would be a truss structure
of advanced composite (carbon/epoxy) to minimize inert weight.

Two additional ground rules were established for further design studies. These
were: (1) FLOX-CH^ vehicles would have no insulation or compartment separa-
tion devices between fuel and oxidizer and (2) there was no weight penalty
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chargeable to the vehicle for extending ground hold capability. This approach
presumed on site refrigeration and/or disposal of toxic propellants.

Selection of the ten design configurations for further investigation in the prelim-
inary evaluation phase of Task I was made based on a review of vehicle structure
and thermal system weights. The concept rating system described in Section 1.1.1
formed the basis for selections. Figures 1.1-88 and 1.1-89 show weight estimates
for the five Lh^/LFo and five FLOX/CH^ vehicles. The weights of tanks, in-
sulation, helium, helium bottle and propellent vapor have been combined with
structure weights for the comparison. Some vehicles utilized truss structure and
others continuous shell structures. The weights of vehicle truss structure were
factored to an equivalent shell structure to allow the comparison.

The final selections are shown in Figures 1.1-90, 1.1-91 and 1.1-92. The com-
plexity ratings from Table 1.1-4 have been repeated here as an aid to developing
the overall concept rating. For the LhU/LFo vehicles, 1-14 was still obviously
the best choice. The specific tank arrangement, i.e., Lp2 forward or aft was
the subject of a separate study, described in the next section. Vehicle 1-3 had
nearly the same weight as 1-14, but was considered more complex than Vehicle
1-7, therefore it was rated third after Vehicle 1-7. Vehicle 1-20 was both
heaviest and most complex and was dropped from the study. Vehicle 1-1 was
nearly identical to 1-2 except the latter had one less spherical tank. It was
assumed the weights were comparable and thus the less complex, four sphere con-
figuration of 1-2 could be substituted. Two arrangements of this vehicle were
retained because there were significant configuration differences.

For the FLOX/CH4, Vehicles 2-18 and 2-19 were the obvious best choices.
Vehicle 2-14 was still a candidate although somewhat heavier. Vehicle 2-2
was substituted for 2-1 for the same reasons as described for like vehicles with
LH2/LF2 propellents. Vehicle 2-3 was chosen instead of 2-7 because of its
weight reduction potential and the favorable rating of its counterpart, 1-3.
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1.2 Preliminary Evaluation

This phase of the program involved design definition of the ten vehicle concepts
selected in the preceding section. The evaluation included (1) vehicle structural
analysis, (2) thermal analysis, (3) meteoroid protection analysis, (4) operational
complexity analysis, and (5) weight analysis. The goal was to develop vehicle
designs with maximum payload capability and minimum operational complexity.

1.2.1 Solar Panel Emittance Study

A study was conducted to determine the effect of solar panel lower surface
emittance on the performance of the solar cells. It was desired to use a lower
emittance in the vehicle design studies to reduce radiation to the vehicle sidewall.

A simplified model of the payload, solar panel, and vehicle, as shown in Figure
1.2-1, was used in the analysis. This model considered only radiation from the
sun and between adiabatic surfaces. Surface properties used and the heat bal-
ance equations are also shown in the figure. The resulting temperatures are
shown in Figure 1.2-2, where the average temperatures were calculated using
view factors based on the total areas shown in Figure 1.2-1, and the maximum
temperatures based on view factors at the root of the solar panel. The maximum
solar panel temperatures shown are not expected to cause damage to the solar cells.

The average panel temperatures are converted to solar cell output in Figure 1.2-3.
Solar cell voltage and current at maximum power point versus temperature based
on Reference 1.2-1 were used to obtain the power output per cell. Assuming a
constant power requirement, the conditions near Mars governed the number of
solar cells required. Assuming the solar panel area was directly proportional to
the number of solar cells required, the required panel area varied with lower
surface .emittance as shown at the top of Figure 1.2-3.

Based on these results it was decided to change from the 48 x 86 in (1.2 x 2.2 m)
solar panel with lower surface emittance of 1.0, to a panel 48 x 103 in (1.2 x 2.6m)
with a lower surface emittance of .05. From Figure 1.2-2 this would reduce the
propulsion vehicle sidewall temperature by approximately 100 R (56 K). An emit-
tance of less than .05 could be achieved with a layer of aluminized mylar. A
conservative value was used because the propulsion vehicle sidewall temperature
was very sensitive to change in emittance in this range, as shown in Figure 1.2-2.
The solar panel temperature used in the propulsion vehicle thermal analysis had
to be increased also, and 620 R (345 K) was chosen as an average temperature for
the total mission.

1.2.2 Selection of Vehicle 1-14 Tank Arrangement

An additional study was required to select the final version of Vehicle 1-14.
The purpose of the study was to determine whether the location of the LF~ tank
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forward or aft provided the least overall weight. The data from Figure 1.1-26
showed a slight weight advantage for LF^ forward, however, the effect on
vehicle structure weight had not been evaluated.

The study described here was directed towards determining vehicle and adaptor
weight differences with the LF2 tank in the forward and aft positions. Continu-
ous shell structures and truss structures were evaluated. The materials and con-
struction methods were:

Shell Structures

Aluminum, fiberglass and carbon composite honeycomb sandwich
(aluminum core with aluminum and carbon face skins, HRP core
with fiberglass face skins).

Ring stiffened corrugations of aluminum, fiberglass and carbon
composite. (Aluminum rings)

Truss Structures

Tubular struts of aluminum, fiberglass and carbon composite.

Two positions of the payload were evaluated in this study also. In one, the
pay load e.g. was 20 in (50.8 cm) above the vehicle top deck, and in the other,
payload was 51 in (129.5cm) above the top deck. The weight effects due to
raising the payload were of importance because the radiant heat exchange be-
tween payload and tanks could be reduced using this approach.

Two programs were utilized to obtain minimum weight designs. One was the
computer aided random search method used for the Vehicle Structure Evaluation
discussed in Section 1.1.3. A minimum weight design would be selected from
a large number of randomly generated designs which satisfied all pertinent failure
mode constraints for each of the two loading conditions. The other program was
the random search method used in the TATE (Tank Arrangement Thermal Efficiency)
evaluation discussed in Section 1.1.2. This program randomly selected insulation
thicknesses and calculated heat flow to the propellants, tank pressure rise, tank
weight and size, insulation weight, helium and helium tank weight and residual
propellent vapor weight. The program was modified to add the conductance of
tank supports and fluid lines and to account for the higher ascent heating rates
caused by residual gasses within the multilayer.

The study vehicles are shown in Figure 1.2-4. A distance of 16 in (40.6cm)
between payload base and e.g. was assumed. The figure shows estimated com-
ponent weights used in determining shell and truss member loads. The loads,
acceleration load factors and factors of safety were obtained as described in
Section 1.1.3. The weight of tanks, ground hold insulation, feed system
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plumbing and valves was applied to the vehicle body at the point of tank support
attachment, thus the upper vehicle body supported only the payload, meteoroid
protection and insulation.

Figure 1.2-5 shows the thermal environment used in the TATE program to obtain
insulation and propellant system weights. Significant reductions in external
surface temperatures were apparent when the payload was elevated. The en-
larged solar panels discussed in Section 1.2.1 were used in the study. It was
assumed that each tank was supported with six fiberglass struts, located aft as
shown in the figure. Feedline conductances were calculated based on the con-
figurations presented in subsequent sections. The multilayer assumed for this
study consisted of unperforated aluminized mylar/nylon net.

The TATE program randomly selected insulation thicknesses and calculated heat
flow to the propellants, tank pressure and size, and the weights of insulation,
tanks, propellant vapor, helium and helium tank. Only the five least weight
cases were saved. The program also incorporated tank support and fluid line
heat leak and the higher ascent heating rates caused by residual gases within
the multilayer. The results of the study are presented in Table 1.2-1. The
least weight approach occurred when the payload was elevated to 35 in (89.0 cm)
and the LF« was located forward. The forward location of LF2 resulted in mini-
mum weights for both payload heights. In these cases, near minimum tank gages
were obtained.

Ascent heating was the most predominant mode with the tank support heat leak
being almost negligible. Locating the LhL tank forward allowed heat to be re-
jected from the oxidizer feedlines, thus resulting in a net heat loss due to the
plumbing.

The structural analysis considered cylindrical shells and truss structures for the
vehicle body and truss structure for the vehicle adaptor.

The random search "Vehicle Structure Evaluation Program" discussed in Section
1.1.3 was used to generate designs which satisfied all pertinent failure mode
constraints for the given loading conditions and select the minimum weight
approaches. The output from this program (least weight cases) is shown in
Tables 1.2-2, 1.2-3 and 1.2-4. The dimensions of each design are shown as
well as the design limits. The case numbers 1, 2, 3 and 4 refer to specific
vehicle configurations which are identified in Table 1.2-1. The continuous shell
constructions, i.e., honeycomb sandwich and corrugations tended to optimize at
minimum gages due to the low shell loading. For this reason truss structure was
more efficient.

Weight totals were obtained using the surface areas of Figure 1.2-4 for shells,
and assigining 12 truss members each to the upper body, lower body and adaptor.
These totals were then adjusted to account for end attachments, fasteners and
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î
CM

5

S
o

O)s
d

CMin
CM
0

(O
o
CO

S
*t

s?

U
P

P
E

R
 B

O
D

Y

L
O

W
E

R
 
B

O
D

Y

CM

s
o

0
P-.
CO
d

§
d

COin
CM
0

S
CM

O
r^
CO

s

COin
o

t
r-«
d
d

0

S
d

CD
O)
CM
0

CO
en
CM

8
(O

s

U
P

P
E

R
 
B

O
D

Y

L
O

W
E

R
 B

O
D

Y

CO

8
0

^~
f-
co
d

^~

o
8
d

CM
in
CM
o

0)
CM

in
CO

5

fi
d

oi-v
CO
d

8
CM
d

in
r>.
CO
d

S
0
d

S
o
d

d

S
0
d
o
CM
0
d

S
o
d

r->
CM
o

g
CM
d

o
q

o
CT>
CM

COo>
*•

s?

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

*r

ssvioyaaid

co
UJ
«J
<
LL.

0
03

5 w
< UJ
0 0

i*
<d
5 uJ

ii
I- LU

5 K

s§
8°.
— U_
5 —
D o-
_J CC
< X

150



T
ab

le
 1

.2
-3

: 
H

O
N

E
Y

C
O

M
B

 S
A

N
D

W
IC

H
 D

A
T

A

i- — .
I CM

~ !

S *

LU
N

CO _

=11
LU '
CJ

R
IB

B
O

N
 T

H
IC

K
-

N
E

S
S

(c
m

)

_ co
z co
^LU

CO ^ — .

Sol
< I
u- 1-

1
LU
Q —
LU E
EC °
oo

CO
LU
O

z
s.

X
<
2
CO
LU
0

z
5

X
<
s
CO
LU
O

Z

s
X
<
5

to
LU
o

z
s
X
<
s

>.
±co~

LU CO PK z "I,
O LU °>
0 Q i
Q
<
o
H ?

E*2
X!

"5?LU — EI tu o
10 X

LO
C

A
T

IO
N

LU
CO

5

CM
co
en
CM

PS.
00
d
in
CO
CO
d
CO
in
en
d

CO

g
d

So
d
CO

0
d

8
d

LO
o
d

S
CM
o'

18co
o

&
CD
d
PS.
CM

PS.
«*•

in
CM

oo
CM
*—
in"

PS.
CM

00
CO
o
CM

inco
CO
d

inin
CD
o

PS.

0
CO
CM

CO
in

en"

CMin
coen

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

v™

CO
^>

en
CM

PS.

s
o'

o
g
o

en
CM
CM

CO

00
•«*"

CD
PS.

•~

CO
Tl-
cn
CM

PS.
ro
a
d

o
Tfr
CO
o

CO

ir
CM

oo
sPS."

*r
00
CO

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

CM

CO
CO
0)
CM

CM

£

0

00
CO
CO
o

PS.

R

in
PS.
r̂

CO

PS.
CM

00
CO

8
o
co
d

s
co
o

OS
CM
CM

in
o
CD
o"

CM
m

*

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

CO

co
rr

s
CM

8
d

s
CO
d

CO
00
•«*•
CM

CO
««•
co"

CO
p^

-

CM
CD
CO
CM

PS.
PS.
PS.

d
in
CO
CD
d

S
o
d

i
d

*rin
CM
d

§
CO
0

PS.
CM

S
PS.
CM

in
PS.

co"

00
CD

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

^f

wnNiwmv

CO
T—

en

CM

S
d

§in
d

d

d

PS.
CM

d
o
S
o

S
*r

in
o
en
CD

CO
CM

in

PS.
CM

00

en

§
en
d

CO

S
o

i—
*t

S

s
en"

S

$

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

-

CM
CO
en

§
en
d

in
CO
CO
0

§
CM

CO

CO
TI-"

CD
PS.

^

00
CM

0$

CM

S
d

S
CD
O

in
CO
o

S
CO
PS,"

5T
oo
co

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

CM

CM
*r
en

in
CM
en
d

S
CO
o

en
CM

«-

in
PS.

co"

PS.
CM

CN
PS.

0>

s
QO
d

s
CD
0

s
CD

O

CM
in
3

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

CO

CM
*t
CD

ro
in
en
d

o
S
d

PS.
m
CM

CO
V
9"

u>

CO
PS.

r~

00

CD

I
d

o
S
0

CM
Oi
CO

in
PS.
CO

5
CO

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

*

AXOd3/NO8UVD

00o
CM

PS.

•s
d

CO

S
o

CO
CO
in

8
T™

in

PS.
CM

ps.^-
CM

8
03
d

CO
CO
0

s
en
*

CO
in
co"

CM
in

8

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

-

8
CM

ps.

S
d

00
CO
CO
o

COTJ-

3

CO

co
*»•'

CO
ps.

V—

CO
CM

CM

ps.
CO
o
d

o
S
0

CM
O
O)

I>r

^~
00
CO

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

CM

oo

CM

1
d

LO
O
d

g
CD
O

o
h»

S
TJ-

co"

r>»
CM

-
CM
CN

Oin
01
P

CM
ino
d

Spv
0

S
CO

in
o
co
0

CM
in
CO
en

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

CO

ssviouaaid

CO
o
^~
CM

O
in
01
d

LO
O
d

o
s
o

CN
CD
CO

CO
*r
CD"

COr-«

CO
CO

CM

O

S
Q

S
in
d

n
in
en
d

§
o
d
CO

8
d
CO

0
d
V—

in
o
d

g
d
p^
CM

0

s
CD
0

S
CD

d

S
*r

CD*r
CO

in

R
co

S
CO

U
P

P
E

R
 B

O
D

Y

LO
W

E
R

 B
O

D
Y

*r

CO
LU
o< -
LL

z
o
03
OC CO
< LU

° %

i*< o
5 LL'

3f
is.
(- LU

*§
LU U
OC —

R ^
5 it
^
D o-
Ij DC
< I

151



Table 1.2-4: TRUSS STRUCTURE DATA
A

LU
IV

IIN
U

M
C

A
R

B
O

N
/E

P
O

X
Y

8

O
QC
LU
m
LL

I

C
A

R
B

O
N

/
E

P
O

X
Y

F
IB

E
R

G
LA

S
S

CASE

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

LOCATION

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

UPPER BODY

LOWER BODY

ADAPTOR

i

ADAPTOR

MEMBER
LENGTH

(in.)

55

44

48

52

55

44

48

52

55

44

48

52

55

44

48

52

55

44

48

52

55

44

48

52

73

72

73

72

73

72

73

72

73

72

73

72

LOAD
(Ib)

6,575

9,235

6,035

7.325

6,610

10,020

6,225

8,080

6,575

. 9,235

6,035

7,325

6,610

10,020

6,225

8,080

6,575

9,235

6,035

7,325

6,610

10,020

6,225

8,080

14,010

13,220

15,360

14,540

14.010

13,220

15,360

14,540

14,010

13,220

15,360

14,540

TUBE THICKNESS (in.)

MAX.

0.200

,

i

0.200

0.100

0.100

0.200

0.200

0.200

0.200

0.100

i

0.100

MIN.

0.020

0.020

0.028

0.028

0.018

i

0.018

0.020

0.020

0.020

0.020

0.028

0.028

0.028

0.028

0.018

0.018

0.018

0.018

DESIGN

0.020

0.022

0.020

0.021

0.021

0.023

0.021

0.021

0.028

0.028

0.028

0.028

0.028

0.042

0.028

0.028

0.036

0.042

0.036

0.036

0.036

0.042

0.036

0.036

0.027

0.026

0.029

0.028

0.042

0.042

0.042

0.042

0.048

0.048

0.048

0.048

TUBE RADIUS (in.)

MAX.

4.00

I

4.00

MIN.

0.500

I

0.500

DESIGN

1.44

1.39

1.29

1.43

1.43

1.40

1.31

1.48

1.20

0.93

1.07

1.20

1.20

0.95

1.08

1.24

1.45

1.36

1.30

1.40

1.46

1.38

1.31

1.57

2.08

2.01

2.07

2.05

1.49

1.45

1.54

1.49

2.11

1.96

2.28

2.03

WT.PER
MEMBER

(Ib)

1.012

0.827

0.787

0.988

1.046

0.888

0.815

1.014

0.674

0.623

0.525

0.636

0.676

0.640

0.529

0.658

1.195

1.041

0.935

1.150

1.202

1.055

0.939

1.215

2.589

2.379

2.710

2.564

1.665

1.595

1.717

1.647

3.061

2.804

3.311

2.906
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Table 1.2-4: TRUSS STRUCTURE DATA
A
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C
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P

O
X

Y
F
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R
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L
A

S
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A
L
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A

R
B

O
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/
E

P
O

X
Y

1
 

F
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R

G
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A
S

S

CASE

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

LOCATION

UPPER BODY

LOWER BODY

UPPER BODY

LOWER

UPPER

LOWER

UPPER

LOWER

UPPER

LOWER

UPPER

LOWER

UPPER

LOWER

UPPER

LOWER

UPPER

LOWER

UPPER

LOWER

UPPER

LOWER

UPPER

LOWER

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

BODY

ADAPTOR

*

ADAPTOR

MEMBER
LENGTH

(cm)

13.97

11.18

12.19

13.21

13.97

11.18

12.19

13.21

13.97

11.18

12.19

13.21

13.97

11.18

12.19

13.21

13.97

11.18

12.19

13.21

13.97

11.18

12.19

13.21

18.54

18.29

18.54

18.29

18.54

18.29

18.54

18.29

18.54

18.29

18.54

18.29

LOAD
(N)

29,246

41,077

26,844

32,582

29,401

44,569

27,689

35,940

29,246

41,077

26,844

32,582

29,401

44,569

27,689

35,940

29,246

41,077

26,844

32,582

29,401

44,569

27,689

35,940

62,316

58,803

68,321

64,500

62,316

58,803

68,321

64,500

62,316

58,803

68,321

64,500

TUBE THICKNESS (cm)

MAX

0.508

;

1

0.508

0.254

i

!

0.254

0.508

1

-
0.508

0.254

'

0.254

MIN

0.0508

i

0.0508

0.071

DESIGN

0.0508

0.0559

0.0508

0.0533

0.0533

0.0584

0.0533

0.0533

0.0711

j

0.0711

0.1066

0.0711

0.071

0.046

i

'

0.046

0.0508

I

I

0.0508

0.071

0.071

0.046

<

0.046

0.0711

0.0914

0.1066

0.0914

0.0914

0.0914

0.1066

0.0914

0.0914

0.0686

0.0660

0.0737

0.0711

0.1066

0.1066

0.1066

0.1066

0.1219

0.1219

0.1219

0.1210

TUBE RADIUS (cm)

MAX

10.16

10.16

MIN

1.27

!
" ' |

1.27

DESIGN

3.67

3.53

3.28

3.63

3.63

3.56

3.33

3.76

3.05

2.36

2.72

3.05

3.05

2.41

2.74

3.15

3.68

3.45

3.30

3.56

3.71

3.51

3.33

3.99

5.28

5.11

5.26

5.21

3.78

3.68

3.91

3.78

5.36

4.98

5.79

5.16

WT PER
MEMBER

(Kg)

0.459

0.375

0.357

0.449

0.475

0.403

0.370

0.460

0.306

0.283

0.238

0.288

0.307

0.290

0.240

;0.299

0.543

0.473

0.424

0.522

0.546

0.479

0.426

0.552

1.175

1.080

1.230

1.164

0.756

0.724

0.780

0.748

1.390

1.273

1.503

1.320
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reinforcements. Rings at the ends and middle of the cylindrical body were
omitted from the comparisons because they were required for payload and tank
support loads, and thus were common to either continuous shells or truss structures.

A design study was conducted to obtain truss member and attachment weights.
Representative truss member sizes were selected from Table 1.2-4 and the curve
of Figure 1.2-6 was constructed from designs of typical end fittings shown in the
figure. Bonded joints were assumed for carbon and fiberglass composite members
and welded joints for aluminum members. Attachment brackets were designed for
several truss members to prepare the curve of Figure 1.2-7. The figure shows a
typical bracket for truss members intersecting a structural ring.

End attachment A weights for shell structures were obtained from data generated
in the Reference 1.2-2 program. In that study, detailed designs and weight sum-
maries were prepared for shell structures consisting of corrugations, stiffened skin
and honeycomb sandwich. Metallic and composite materials had been included
in the designs. Figures 1.2-8 and 1.2-9 show the end attachment details for
honeycomb sandwich and corrugated shells respectively. The shell structures of
that study were short; thus end attachments constituted a major portion of total
shell weight. To utilize that data for this study the weight of end attachments,
i.e., reinforcements, rings, doublers, splice plates and fasteners, was determined
in terms of pounds per inch of circumference for the specific design load. The
weight was then ratioed to the design load of Vehicle 1-14 for equivalent types
of shell construction.

Table 1.2-5 summarizes the combined weights of vehicle structure and
attachments. Carbon/epoxy composite provided the least weight structural con-
cept and tubular truss construction was more efficient than cylindrical shells.
Honeycomb sandwich was generally less efficient than corrugations with the ex-
ception of fiberglass construction.

Placement of the L?2 tank in the forward position resulted in heavier structure,
however, the weight differences were small in the case of truss structure. The
corrugated composite shell constructions appeared to be the most sensitive to
tank location.

Comparing the data of Table 1.2-1 and Table 1.2-5 led to the conclusion that
placement of the LFo tank forward produced the most weight efficient configura-
tion; however, weight differences between either arrangement were small in the
majority of cases. The use of a fiberglass truss adaptor with some of the shell
constructions would result in a heavier vehicle when the LFn tank was forward;
however, there were no specific reasons to select fiberglass for this particular
structure. The U^ tank forward configuration was retained for further investiga-
tion.
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Table 1.2-5: VEHICLE AND ADAPTOR WEIGHTS

C
O

N
S

TR
U

C
TI

O
N

 M
rT

H
O

D

CORRUGATED
SHELL

HONEYCOMI
SANDWICH

SHELL

TUM TRUSS

ALUMINUM

CARBON/EPOXY

PIIERGLASS/
EPOXY

ALUMINUM

CARBON/EPOXY

FIBERGLASS/
EPOXY

ALUMINUM

CARBON/EPOXY

FIBERGLASS/
EPOXY

VEHICLE CONFIGURATION I-U STRUCTURAL WEIGHTS*- LBS (Kg)

PAYLOADC.G.
51* (129.5 em ) ABOVE TOP DECK

LH. FORWARD -
CASE 4

79.6
(36. 14)

76.8
(34.87]

101. 1
(45.90)

126.5
(57.43)

88.2
(40.04)

93.4
(42.40)

40.1
(19.21)

31.0
(14.07)

44.2
(20.06)

LF« FORWARD -
CASE 3

84.2
(38.23)

85 5
(38.82)

110.5
(50. 1 7)

134.1
(60.88)

95.4
(43.31)

100.8
(45.76)

42.0
(19.07)

3X2
(14.62)

45.5
(20.66)

PAYLOAD C.G.
20"(50.8 em ) ABOVE TOP DECK

LH. FORWARD -
CASE 2

74.7
(33.92)

65.3
(29.65)

89.7
(40.72)

119.3
(54.16)

82.7
(37.55)

87.7
(39.82)

38.8
(17.62)

29.9
(13.57)

42.9
(19.48)

LF. FORWARD -
CASEI

77.0
(34.96)

75.6
(34.32)

97.7
(44.36)

127.0
(57.66)

88.5
(40.18)

94.0
(42.68)

40.3
(18.30)

31.7
(14.39)

44.7
(20.29)

C
O

N
S

TR
U

C
TI

O
N

 
M

E
TH

O
D

TUBE TRUSS

ALUMINUM

CARBON/EPOXY

FIBERGLASS/
EPOXY

VEHICLE 1-14 ADAPTOR STRUCTURAL WEIGHTS - LBS (Kg)

PAYLOADC.G.
51* (129.5 em ) ABOVE TOP DECK

LHj FORWARD

-CASE 4

46.7
(21.20)

30.9

(14.03)

50.2
(27.29)

LFj FORWARD -

CASE 3

48.8
(22.16)

32.6

(14.80)

60.1

(27.29)

PAYLOADC.G.
20" (50.8 em) ABOVE TOP DECK

LHj FORWARD -

CASE 2

43.8
(19.89)

29.9

(13.57)

47.5
(21.57)

LF2 FORWARD -

CASEI.

46.3
(21.02)

31.0
(14.07)

52.8
(23.97)

•Including End Attachment Walghti

159



1.2,3 Preliminary Design Development

Table 1.2-6 is a flow diagram showing major study elements in this phase of the
program. The vehicle structure evaluation and tank arrangement thermal efficiency
analyses were conducted first. A thermal math model of each vehicle was con-
structed for the latter study. The structural evaluation involved a re-appraisal of
vehicle dimensions, assignment of major component weights, calculation of loads
and optimization of various structural concepts.

Vehicle details such as payload height, type of structure, and insulation location
were evaluated to determine least-weight trends preparatory to conducting the
detailed meteoroid protection assessment. The meteoroid protection capability of
the selected details was determined and then if additional protection was neces-
sary, several alternative methods were evaluated.

Preliminary design drawings were prepared for the ten vehicles. Internal structure,
engine mounts and tank supports were included. A detailed weight analysis was
made from these drawings.

The study was concluded by determining, in a qualitative sense, the operational
complexity of each configuration. The complexity ratings and weights were then
compared and recommendations made for selection of two designs for the final
evaluation phase.

Vehicle Structure Evaluation

The "Vehicle Structure Evaluation Computer Program" described in Section 1,1.3
was used to determine the weights of shell and truss structure concepts for the
body of the study vehicles and for trusswork Centaur adaptors. Three payload
heights were evaluated. These heights were approximately 1/2 and 1/5 the
vehicle diameter and a minimum case of 4 inches (10.2cm) above the top deck
insulation. Two continuous shell construction methods, and truss structures were
investigated in combination with three materials. The shells consisted of honey-
comb sandwich and ring stiffened corrugations. The materials were aluminum,
carbon/epoxy, and fiberglass/epoxy composites.

Sketches of the vehicle configurations with the dimensions and weights used for
the study are included in Appendix B of the Volume II document, NASA CR-121104.
Loads were calculated for each study vehicle in the manner described in Section
1.1.3. The ultimate design loads for all methods of construction are included
with the study results.

The detailed results of the analysis are presented in Appendix B. This data con-
sists of tabulated weights and member dimensions for all vehicles and construction
methods. These weights are for the main body structure and do not include end
attachments or other structural members «uch as payload supports, tank supports,
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Table 1.2-6: PRELIMINARY DESIGN STUDY FLOW DIAGRAM

VEHICLE STRUCTURE
EVALUATION

TANK ARRANGEMENT
THERMAL EFFICIENCY
ANALYSIS

SELECTION OF
VEHICLE DETAILS
FOR METEOROID
PROTECTION
EVALUATION

METEOROID
PROTECTION
EVALUATION

OPERATIONAL
Ct^kAP\ FYITV\~\JIV\i IX A 1 1 T

EVALUATION

WEIGHT
SUMMARY

PREPARATION OF
PRELIMINARY
DESIGN DRAW'GS

RECOMMENDATIONS
FOR FINAL EVALUATION
PHASE
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or internal bracing. An analysis of this data indicated that; (1) truss structure
was the least weight approach, regardless of material choice, with carbon/epoxy
being the lightest; (2) the least weight shell structures were carbon/epoxy; (3)
aluminum and carbon/epoxy corrugated shells were consistently lower weight than
aluminum and carbon/epoxy honeycomb sandwich; (4) fiberglass honeycomb sand-
wich was more weight efficient than fiberglass corrugations for vehicles with long
bodies (i.e., 1-14, 2-14) due to higher shell loading; but less efficient for
vehicles with short bodies.

This phase of the study was concluded by calculating end fitting and attachment
bracket weights for all of the vehicle bodies and adaptors using the curves of
Figures 1.2-6 and 1.2-7, and the methods described in Section 1.2.2. The
final results are presented in Figures 1.2-10 and 1.2-11. The least weight case
is circled in the figures. Carbon/epoxy composite and median payload height
designs were omitted from the figures. In all cases truss structure with a low
payload height gave the least weight. Aluminum truss members were also least
weight in a great number of cases. The final structure weights were compared
with weight estimates used in deriving the loads and it was found that the error
was only 1.5 to 3.5%, thus a second iteration was unnecessary. The end fit-
tings and attachments contributed significantly to the weights of tubular truss
members, particularly for the carbon/epoxy construction.

Tank Arrangement Thermal Efficiency

The thermal efficiency analyses were conducted as preliminary designs were being
developed. Thus, design information such as the type and location of internal
structural members, tank supports and fluid lines was available for construction of
the thermal models.

Fluid line arrangements developed for the study vehicles are presented in Figures
1.2-12 through 1.2-21. Particular attention was given to routing of lines which
were attached to external structure. Wherever convenient, these external attach-
ments were located on aft facing surfaces; however, with the reduced solar panel
emittance discussed previously, vehicle external surface temperatures would be
lower and the importance of external connection location would be lessened.
Connections to surfaces which faced the payload were avoided. Line sizes for
l̂ /LHo propellents were selected based on experience. The line sizes for
FLOX/CH^ propellents were derived from the Pratt and Whitney report, Reference
1.1-1.

A tank support arrangement employing six fiberglass tubular struts was selected for
spherical and oblate spheroid tanks. The supports were connected to the tank at
three discrete locations and were angled aft so that they could be attached to
cooler structure. Connections were made at vehicle "hard" points. Member
lengths were derived from layouts and loads were calculated for critical combina-
tions of axial and lateral accelerations. The fiberglass tube sizes were optimized
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Figure 1.2-12: VEHICLE 1-14 FLUID LINE ARRANGEMENT
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Figure 1.2-14: VEHICLE 1-2A FLUID LINE ARRANGEMENT
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Figure 1.2-16: VEHICLE 1-7 FLUID LINE ARRANGEMENT
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Figure 1.2-17: VEHICLE 2-19 FLUID LINE ARRANGEMENT
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Figure 1.2-18: VEHICLE 2-18 FLUID LINE ARRANGEMENT
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by equating the Euler buckling stress to the local crippling stress with the material
ultimate strength as a design constraint. The tubes were hollow and without in-
ternal radiation baffles.

The analyses to determine vehicle temperatures and to perform the propellant and
insulation system weight optimization were performed in the following sequence.

Input Data - The plumbing and structural arrangements established
for a given vehicle concept, and the structural analysis and optimi-
zation provided conduction path geometry.

Previous optimization using the TATE (Tank Arrangement Thermal
Efficiency) program provided estimates of insulation thicknesses.

With the established vehicle geometry and selected surface radiation properties,
the geometric view factors and radiative interchange factors were generated
using a thermal radiative interchange factor computer program. The surface
properties used were as follows:

Location Emittance Solar Absorptance

1) Payload lower surface 1.0

2) Solar panel lower surface 0.05

3) Vehicle upper exterior surface 0.05

4) Vehicle sidewall and bottom
exterior surface 0.4 0.16

5) Vehicle interior compartment
surfaces 0.03

6) Tank surfaces 0.2

The fourth item shown assumes that a silicon monoxide coating (Reference
1.2-3) is applied to exterior surfaces.

Thermal Analysis - The above input data was used to build a thermal
math model for each vehicle concept. Variations in the model accounted
for the differences in the vehicle such as structural configuration, pay-
load separation distance, structural material, insulation inside or outside,
type of insulation, etc.

A steady state thermal analysis of each variation of each vehicle
concept was performed on the BETA (Boeing Engineering Thermal
Analyzer) program to determine temperatures for the coast phase (pay-
load toward the sun).
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Optimization - The temperatures and structural and plumbing con-
ductances resulting from ffie thermal analysis were used as input to the
TATE program. This represented a refinement from previous applications
of this program in the screening phase, where temperatures were based
on radiation equilibrium temperatures, the compartment internal wall was
set at the tank temperature, and no structural or plumbing heat leaks
were included.

An additional input was the ascent heating as a function of the type of
insulation, location on the vehicle, and insulation thickness. The
ascent heating data was taken from the analysis described in Section
1.1.4, using edge evacuation with a two-foot evacuation path length
and a helium purge. Maximum tank pressure could occur prior to the
end of the mission because propellent cooling was possible due to low
temperatures during the coast phase and the CH^ could be cooled by
the FLOX. Therefore, the TATE program checked tank pressure at launch,
end of ascent heating and at the end of the mission, and used the maxi-
mum value in calculating tank wall thickness.

The conductance of insulation fasteners was approximated from previous
analyses discussed in Section 1.1.4 and was added to the basic tempera-
ture-dependent insulation conductance.

Each variation of each vehicle concept was optimized to the insulation
thicknesses for minimum weight, using the TATE program.

The TATE program printed out the five least-weight cases, including
component weights, insulation thicknesses, the total heat leak through
each element, and the critical design condition (i.e., launch, end
of ascent heating, or end of mission).

The results obtained are discussed in the following paragraphs:

A preliminary study was made on Vehicle 2-3 to validate the approach. One
matter of concern was that the heat leak through individual elements in a sur-
face bounding a propellant compartment was not directly equal to the heat leak
reaching the tank from each element. Some of the heat could flow by con-
duction and radiation to other elements in the surface. However, the total
heat flow to the tank had to equal the heat entering the compartment, since
the tank was the only heat sink in the system. The TATE program calculated
the amount of heat entering the compartment rather than the actual elemental
heat leaks conducted or radiated to the tank. A numerical check was made to
verify that these two approaches would result in the same total heat flow to
the tank. Figure 1.2-22 shows the results. The total heat leak, as expected,
was equal within a small amount attributable to cut-off on the thermal converg-
ence to steady state. The plumbing heat leaks, such as Q22 shown, were not
included because they would be the same in both summations,
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Another concern was the use of constant boundary temperatures with varying in-
sulation thickness in the TATE program. The surface temperatures varied some-
what with insulation thickness. For example, the steady state temperatures from
the BETA program, for the nodal arrangement in Figure 1.2-23 are given in Table
1.2-7, All nodes except the constant value used for propellent temperature
(Node 11) showed some variation with insulation thickness, with the strongest in-
fluence at Nodes 3 and 6. Figure 1.2-24 shows the heat transfer through the
insulation, as calculated by the BETA program, compared to the TATE program
method, where heat flow was inversely proportional to thickness because the
boundary temperatures were not changed. Figure 1.2-25 shows a comparison for
heat leaks which were constants in the TATE program. The reasonably good
agreement justified the constant boundary temperature approach in the TATE pro-
gram.

The temperatures used were generated by the BETA program based on a set of
estimated insulation thicknesses. Since the optimum thicknesses could differ
significantly, it was expected that a second iteration through the BETA and TATE
programs could be necessary in some cases. This was done only for the selected
configuration of structure, insulation, and meteoroid protection, for a given
vehicle concept.

A further trade that was necessary before beginning the analysis and optimization
of each vehicle was to select the insulation(s) to be used. Optimum system
weights were generated with three insulation material combinations on Vehicle
1-14 to aid in the selection. The Vehicle 1-14 configuration included an alumi-
num truss, insulation inside the structure, and 4 in (10.2cm) payload separation.
The insulation candidates and the optimized weights are given in Table 1.2-8.
The first case used aluminized mylar/nylon net insulation with room temperature
outgassing data, which had served as a baseline previously. The second case
was a lllow-outgassing" aluminized mylar/nylon net. Some IRAD test data showed
that the amount of outgassing from nylon net was extremely sensitive to tempera-
ture. Extrapolation of this data to temperatures representative of the bulk of the
insulation indicated that the outgassing could be as low as aluminized mylar at
room temperature. The aluminized mylar outgassing data was used in the analysis
for the "low-outgassing" net insulation. Other test data showed that dacron net
(Style B2A, Apex Mills) had very low outgassing. However, since available
thermal conductivity data was for aluminized mylar/nylon net, this was selected
with the assumption that a like netting of dacron could be substituted without
changing thermal performance significantly. The third case was the same as the
second case, except NRC-2 was substituted for the net-type insulation on the
vertical sidewall. The NRC-2 was used only on the vertical surface to avoid
compaction of the layers due to gravity and flight loads, A potential fourth
candidate was aluminized mylar/silk net. However, the ascent heating analysis
for this insulation was not done for the full range of thicknesses and outgassing
path lengths. Also, the thermal conductivity appeared to be somewhat higher
than with the nylon net spacer, and the weight was expected to be greater
than Case 2.
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Table 1.2-7: TEMPERATURES FOR SEVERAL INSULATION THICKNESS - VEHICLE 2-3

NODE
NO.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

TEMPERATURES

ALUMINUM TRUSS STRUCTURE, *D = 4",(10cm; INSULATION OUTSIDE
** Dl «.

D2
D3

0.6
0.3
0.3
0.3

°R

511.8

159.8

59.9

86.8
133.2
214.0
191.1

186.2
184.9

185.0

170.0
136.0

85.1

195.3

190.2
186.4
189.3

i_>

284.3

88.8

33.3

48.2
74.0

118.9

106.2

103.4

102.7

102.7
94.4
75.6
47.3

108.5

105.7

103.6
105.2

1.2
0.6
0.6
0.6

°R

512.4

159.6
52.1

83.4
132.3
197.8

191.2

186.8

185.3
185.4

170.0
135.7

84.1

195.5

190.4
186.9

189.6

°K

284.7

88.7
28.9

46.3
73.5

109.9
106.2

103.8

102.9

103.0

94.4
75.4
46.7

108.6

105.8
103.8
105.3

0.3
0.15
0.15
0.15

°R

510.6
160.0

69.5

92.2

134.8
237.2

190.8

185.1

184.0

184.3
170.0
136.6
87.0

195.0

189.7

185.6
188.7

°K

283.7

88.9

38.6
51.2
74.9

131.8

106.0

102.8
102.2

102.4
94.4
75.9
48.3

108.3
105.4

103.1
104.8

0.3
0.3
0.3
0.3

°R

510.6

159.8
60.5

87.6
134.7

237.6

194.1

189.4
187.9

187.9

170.0

137.6

85.8
198.2

193.2

189.5
192.3

°K

283.7

88.8
33.6

48.7
74.8

132.0

107.8

105.2

104.4

104.4
94.4
76.4

47.7

110.1

107.3

105.3
106.8

to/load Separation
•isolation Thickness at Locations Shown in Figure 1.2-23

Table 1.2-8: VEHICLE 1-14 SYSTEM WEIGHTS WITH THREE INSULATION COMBINATIONS,
ALUMINUM TRUSS STRUCTURE, INSULATION INSIDE, 4"(10 cm) PAYLOAD SEPARATION.

Insulation
Rjel Vapor
Oxidizer Vapor
Helium (Oxidizer Only)
Helium Tank
Fuel Tank
Oxidizer Tank

TOTAL

COMPONENT WEIGHT

CASE 1

Ib

23.51
.48

1.27
2.57
7.05

22.41
15.21

72.50

kg

10.66
.22
.58

1.17
3.20

10.17
6.90

32.90

CASE 2

Ib

10.31
.47

1.04
2.27
6.23

22.21
14.99

57.52

kg

4.68
.21
.47

1.03
2.83

10.07
6.80

26.09

CASE 3

Ib

9.62
.47
.89

2.08
5.70

22.21
14.90

55.87

kg

4.36
.21
.40
.94

2.59
10.07
6.76

25.33

Case 1 - 0.15 Mil Aluminized Mylar l̂ylan Nat

Cose 2 - Same as 1 But With Outgauing Comparable To
NRC-2 At Room Temperature

Ccue 3 - Same As 2 But With .25 Mil NRC-2 On The
Vertical Side wall
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Optimization Program Heat
Flow With Run No.
C 1016-1 as Data Base

Dl IMKLMN
KiOr*\J .

C 101 6-1
-4
-5
-6

SYM.

0

0
tf
0

INSUL, THICK.
51

In
0.6
1.2
0.3
0.3

cm
1.5
3.0

.8

.8

52 THRU 65
In

0.3
0.6
0.15
0.3

cm
.8

1.5
.4
.8

SCALE A
10

tot-

I

.1

Concept 2-3 With Aluminum Truss—7
Structure and External Insulation/

SCALE B SCALE C

.1

.1

to
»—

I

.01

^—
ca

.001

.01

CO

I

.001

INSULATION THICKNESS - Inches

1.0
cm

10

Figure 1.2-24: COMPARISON OF OPTIMIZATION PROGRAM HEAT TRANSFER

ANALYSIS METHOD TO THERMAL ANALYZER RESULTS -

INSULATION THICKNESS DEPENDENT HEAT TRANSFER
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The optimum weights in Table 1.2-8 showed that the room temperature nylon
net outgassing (Case 1) caused a significant weight penalty. The use of NRC-2
on the vertical sidewall gave the lightest result but the weight saving compared
to Case 2 was small.

It was concluded from this study that the "low outgassing" aluminized mylar/nylon
net insulation would be used for the preliminary design analyses and optimizations.

Vehicle 1-14 Results: The thermal model configuration for this vehicle is shown
in Figure 1.2-26. The top deck and compartment separation blankets in the
figure combine MLI and secondary structure to support the MLI, derived from the
layouts. The penetration conductances for fluid lines and tank supports are given
in Table 1.2-9. Fluid lines were stainless steel and tank supports were fiber-
glass. Vehicle structural conductances for three types of construction materials
and three payload heights are shown in Table 1.2-10.

The temperatures calculated for the 19 nodes of Figure 1.2-26 are listed in
Tables 1.2-11 through 1.2-16. Six different configurations are represented.
These are (1) corrugated shell with MLI inside, (2) corrugated shell with MLI
outside, (3) truss structure with MLI inside, (4) truss structure with MLI outside,
(5) truss structure with MLI inside and one shadow shield on the top deck, and
(6) truss structure with MLI outside on the top deck and inside elsewhere. Each
of these configurations was evaluated for three structural materials; aluminum,
fiberglass/epoxy and carbon/epoxy.

Elevating the payload tended to reduce the top deck temperature. The use of
fiberglass structure with internal insulation also reduced temperatures aft along
the vehicle because of the low conductivity. All configurations experienced a
large reduction in structure temperatures on aft facing surfaces because of their
ability to radiate to space. The use of one shadow shield halfway between the
payload and the top deck blanket reduced temperatures on the top deck signifi-
cantly.

The system weight (tanks, insulation, helium, helium tank and propel I ant vapor)
optimization data for Vehicle 1-14 is listed in Table 1.2-17 and shown graph-
ically in Figure 1.2-27. The entry in Table 1.2-17 identified as "TiyUKiF" was
a case which was run using the minimum insulation thickness required for mete-
oroid protection on external surfaces. Therefore, the system weight for this
case is not directly comparable to the other weights shown. The table shows
insulation thicknesses and tank gages. The insulation thicknesses are converted
to layer quantity by using the layer ratios of Table 1 .1 -9. The table also
shows the weight of each MLI blanket and the weights of fuel and oxidizer tanks.
Weights not shown but included in the total are for the helium, helium tank
and propellent vapor.
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* Nodes' 16, 17, 18 are
on the Inside When
Using External Insulation.
Other Nodes Retnain
as Shiwn

srnai

CENTAUR

Figure 1.2-26: VEHICLE 1-14 NODE NUMBERS
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Table 1.2-11: COAST PHASE TEMPERATURES, VEHICLE 1-14

NODE

NO.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

TEMPERATURES

CORRUGATED SHELL SIDEWALL - INSULATION INSIDE

4" (10 cm) PAYLOAD SEPARATION

ALUMINUM

°R

418.6

213.5

163.2

115.6

112.6

192.5

176.0

103.8

77.7

165.0

163.5

97.5

40.0

109.3

98.5

307.6

186.0

157.8

73.5

°K

232.6

118.6

90.7

64.2

62.6

106.9

^97.8

57.7

43.2

91.7

^90.8

54.2

22.2

60.7

54.7

170.9

103.3

87.7

40.8

•G/EPOXY
°R

509.1

169.6

130.7

47.7

66.4

208.3

169.4

91.2

45.6

165.0

163.6

95.3

40.0

66.9

74.9

443.5

149.2

111,1

53.1

°K

282.8

94.2

72.6

26.5

36.8

115.7

94.1

50.7

25.3

91.7

90.9

52.9

22.2

37.2

41.6

246.4

82.9

61.7

29.5

"C/EPOXY

°R

501.1

178.8

132.5

63.6

67.5

206.8

170.8

91.9

53.8

165.0

163.7

95.5

40.0

68.0

76.1

347.0

152.6

124.0

54.0

°K

278.4

99.3

73.6

35.3

37.5

114.9

94.9

51.1

29.9

91.7

90.9

53.1

22.2

37.8

42.3

192.8

84.8

68.9

30.0

14" (36 cm) PAYLOAD SEPARATION

ALUMINUM

°R

383.3

202.1

156.8

112.5

109.1

186.7

173.2

101.2

76.3

165.0

162.4

96.7

40.0

105.2

86.7

283.8

177.2

151.7

72.1

°K

212.9

112.3

87.1

62.5

60.6

103.7

96.2

56.2

42.4

91.7

90.2

53.7

22.2

58.4

48.2

157.7

98.4

84.3

40.1

* G/EPOXY

°R

485.8

159.5

125.4

47.0

65.6

203.4

167.2

89.0

45.2

165.0

162.6

94.7

40.0

66.1

73.6

356.3

142.3

106.7

52.7

°K
269.4

88.6

69.7

26.1

36.4

113.0

92.9

49.4

25.1

91.7

90.3

52.6

22.2

36.7

40.9

197.9

79.1

59.3

29.3

I**C/EPOXY

°R

476.5

168.3

127.0

62.1

65.9

201.7

168.5

89.6

52.9

165.0

162.7

94.9

40.0

66.4

74.2

316.3

144.9

118.8

53.2

°K

264.7

93.5

70.6

34.5

36.6

112.1

93.6

49.8

29.4

91.7

90.4

52.7

22.2

36.9

41.2

175.7

80.5

66.0

29.5

35" (89 cm) PAYLOAD SEPARATION

ALUMINUM

°R

315.9

181.0

144.3

106.6

103.4

177.2

168.4

96.4

73.8

165.0

160.6

95.3

40.0

99.3

78.5

241.0

160.7

140. Q

69.7

°K

175.5

100.6

80.2

59.2

57.4

98.4

93.6

53.6

40.9

91.7

89.2

52.9

22.2

55.2

43.6

133.9

89.3

77.8

38.7

*G/EPOXY

°R

435.2

142.8

113.9

42.6

56.3

193.7

163.7

84.3

42.7

165.0

161.0

93.6

40.0

56.6

62.1

301.6

129.8

97.0

48.4

°K

241.8

79.3

63.3

23.7

31.3

107.6

90.9

46.8

23.7

91.7

89.4

52.0

22.2

31.4

34.5

167.6

72.1

53.9

26.9

t /If POXY

°R

424.4

151.6

115.4

57.4

58.3

192.0

164.8

84.9

50.4

165.0

161.0

93.7

40.0

58.5

63.1

279.1

131.3

107.7

49.7

°K

235.8

84.2

64.1

31.9

32.4

106.7

91.4

47.2

28.0

91.7

89.4

52.1

22.2

32.5

35.1

155.1

72.9

59.8

27.6

* Rbergloo/Epoxy

Table 1.2-12: COAST PHASE TEMPERATURES VEHICLE 1-H

NODE
NO.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

CORRUGATED SHELL S1DEV/ALL - INSULATION OUTSIDE

4" (10 cm) PAYLOAD SEPARATION

ALUMINUM

R.
509.3

168.3

131.4

60.7

124.5

187.4

179.3

170.2

152.9

165.0

165.3

121.5

40.0

137.2

98.0

185.6

174.2

168.1

145.8

K
282.9

93.5

73.0

33.7

69.2

104.1

99.6

94.6

84.9

91.7

91.8

22.2

76.2

54.4

103.1

96.8

93.4

81.0

67.5

'G/EPOXY
R

509.4

168.3

130.8

42.1

62.0

220.6

(82.2

103.0

61.1

165.0

167.7

98.6

40.0

68.2

74.9

402.1

141.7

91.3

68.0

K
283.0

93.5

72.7

23.4

34.4

122.6

101.2

57.2

33.9

91.7

93.2

54.8

22.2

37.9

41.6

223.4

78.7

50.7

37.8

"C/tPOXY

R

509.4

168.4

131.1

48.1

73.9

221.5

189.5

142.6

99.0

165.0

170.1

110.4

40.0

81.3

79.2

240.6

162.7

136.1

82.9

283.0

93.6

72.8

26.7

41.1

123.1

105.3

79.2

55.0

91.7

94.5

61.3

22.2

45.2

44.0

133.7

90.4

75.6

*S.l

14" (36 cm) PAYLOAD SEPARATION

ALUMINUM

R
486.3

158.3

125.9

54.6

111.9

161.9

156.3

149.9

136.7

165.0

158.6

111.0

40.0

123.4

84.6

159.2

152.7

148.3

130.8

K
270.2

87.9

69.9

30.3

62.2

89.9

86. 8

83.3

75.9

91.7

88.1

61.7

22.2

68.6

47.0

88.4

84.8

82.4

72.7

*G/EPOXY

R
486.3

15?. 5

125.5

41.5

61.0

207.1

W.O

99.9

60.1

165.0

163.8

96.9

40.0

67.1

73.7

265.1

135.3

88.8

66.9

K

270.2

88.1

69.7

23.1

33.8

115.1

95.0

55.5

33.4

91.7

91.0

53.8

22.2

37.3

40.9

147.3

75.2

49.3

37.2

"C/EPOXY

R
,486.3

158.5

,125.7

46.0

[ 69 .9
^98.0

,167.7

130.2

92.1

165.0

162.7

104.3

40.0

76.9

75.4

187.9

146.2

124.5

K
270.2

88.1

69.8

25.6

38.8

110.0

93.2

72.3

51.2

91.7

90.4

57.9

22.2

42.7

41.9

104.4

81.2

69.2

78. 3| 43.5

35" (89 cm) PAYLOAD SEPARATION

ALUMINUM

R
435.9

141.5

114.5

51.6

106.4

152.2

147.7

142.1

130.1

165.0

156.6

107.3

40.0

117.2

76.9

149.8

144.5

140.6

124.5

242.2

78.6

63.6

28.7

59.1

84.6

62.1

78.9

72.3

91.7

87.0

59.6

22.2

65.1

42.7

83.2

80.3

78.1

69.2

*G/tPOXY

It

436.0

141.8

114.0

36.4

52.9

194.9

164. 6

96.0

56.5

165.0

161.4

95.4

40.0

58.1

62.3

211.4

130.7

85.2

58.1

242.2

78.8

63.3

20.2

u W'4

108.3

91.4

^53.3

31.4

91.7

89.7

l_ 53.0

22.2

32.3

34.6

117.4

72.6

47.3

32.3

"C/tPOXY

°R K

435.91242.2

141.7! 78.7

114.3

42.1

64.0

63.5

23.4

35.6

185.71 103.2

159.9

124.9
87.9

88.8

69.4

48.8

165.0 91.7

160.2

102.0

40.0

70.3

65.0

172.7

139.8

119.4

72.0

89.0

56.7

22.2

39.1

36.1

95.9

77.7

66.3

40.0

Fi berg bu/t poxy
•Carbon/tpaxy
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Table 1.2-13: COAST PHASE TEMPERATURES , VEHICLE 1-14

NODE
NO.

1

2

3

4

5

6

7
3~

9

10

11

12

13

U

15

16

17

18

19

TEMPERATURES

TRUSS SIDEWALL STRUCTURE, INSULATION INSIDE

4" (10 cm ; PAYLOAD SEPARATION

ALUMINUM

~^R
451.3

207.6

145.2

104.1

101.6

198.0

175.3

96.9

72.7

165.0

163.7

96.3

40.0

93.8

88.1

378.0

175.8

134.0

69.0

°K
250.7

115.3

8C.7

57.8

110.0

^97.4
53.8

40.4

91.7

90.9

53.5

27.2

54.9

48.9

210.0

97.7

74.4

38.3
56. 4|

*G /EPOXY

°R
509.3

169.1

180.7

48.6

70.6

208.3

169.4

91.1

46.1

165.0

163.6

95.3

40.0

71.1

79.9

489.0

151.1

98.8

54.9

°K

282.9

9." -•

*'C /EPOXY

°R
504.7

175.8

72 - 1151.0

°K

280.4

97.7

72.8
27 '... 61. 3 ! 34.1

68.9

115.7

94.1

50.6

25.6

91.7

90.9^

52.9

22.2

39.5

44.4

271.7

83.9

54.9

30.5

207.5

170.4

. 91.3

52.6

165.0

163.7

95.4

40.0

69.8

80. 1

427.1

152.3

110.3

54.5

38.3

115.3

94.7

50.7

29.2

91.7
90.9

53.0

22.2

38.8

44.5

237.3

84.6

61.3

30.3

14" (36cm } PAYLOAD SEPARATION

ALUMINUM

R
417.9

197.3

139.7

101.4

98.9

192.0

172.7

94.7

71.5

165.0

162.6

95.6

40.0

95.9

83.1

349.0

167.4

129.3
67.9

°K
232.2

109.6

77.6

56.3

54.9

106.7

95.9

52.6

39.7

91.7

90.3

53.1

22.2

53.3

46.2

193.9

93.0

71.8
37.7

*G/EPOXY] **c /EPOXY
R

486.0

159.3

125.3

46.1

65.5

203.4

167.2

89.0

44.7

165.0

162.6

94.7

40.0

66.0

73.5

412.0

144.0

05.3

95.3

°K

270.0

88.5

69.6

25.6

36.4

113.0

92.9

49.4

24.8

91.7
90.3

52.6

22.2

36.7

40.8

228.9

80.0

52.9

29.2

°R

479.9

165.7

125.6

58.9

64.7

202.4

168.1

89.1

51.3

165.0
162.7

94.8

40.0

65.3

73.9

386.2

144.8

105.3

52.6

\
266.6

92.1

32.7

35.9

112.4

93.4

49.5

28.5

91.7

90.4

52.7

22.2

36.3

4 1 . 1

214.6

80.4

58.5

29.2

69.8

35"(89cm ) PAYLOAD SEPARATION

ALUMINUM

°R
353.1

178.8

129.2

96.5

93.9

181.8

168.3

90.4

69,2

165.0
160.9

94.4

40.0
90.7

74.7

298.2

152.2

120.6
65.7

°K
196.2

99.3

71.8

53.6

52.2

101.0

93.5

50.2

38.4

91.7
89.4

52.4

22.2

50.4

41.5
165.7

84.6

67.0

36.5

*G /EPOXY

°R

435.5

142.7

113.9

41.6

56.2

193.8

163.6

84.2

42.1

165.0

161.0

93.6

40.0

56.6

62.0

364.2

132.5

87.1

48.8

°K
241.9

79.3

63.3

23.1

31.2

107.7

90.9

46.8

233.9

91.7

89.4

52.0

22.2

31.4

34.4

202.3

73.6

48.4

27.1

**C /EPOXY

°R
428.3

149.2

114.0

54.2

56.9

192.6

164.5

84.3

48.8

165.0

161.0

93.6

40.0

57.3

62.6

342.5

131.2

95.2

49.0

°K
237.9

82.9

63.3

30.1

31.6

107.0

91.4

46.8

27.1

91.. 7

89.4

52.0

22.2

31.8

34.8

190.3

72.9

52.8

27.2
*Fibergloss/Epoxy

**Corbon/Epo'xy

Table 1.2-14: COAST PHASE TEMPERATURES, VEHICLE 1-14

NODE NO,

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

TEMPERATURE

TRUSS SIDEWALL- INSULATION OUTSIDE

PAYLOAD SEPARATION
4" (10cm)

ALUMINUM

"R

509.4
168.5
T31.4
58.2

122.5
217.2
196.9
172.3
151.2
165.0
172.2
123.7
40.0

135.1
90.8

217.7
183.7
166.3
143.9

°K

283.0
93.6
73.0
32.3
68.1

120.7
109.4
95.7
84.0
91.7
95.7
68.7
22.2
75.1
50.5

120.9
102.1
92.4
79.9

FIBERGLASS

~*i
509.4
168.3
130.8
44.2
65.4

224.4
180.5
97.8
59.7

165.0
167.8
97.7
40.0
72.0
80.0

460.7
142.7
80.5

71.8

°K

283.0
93.5
72.7
24.6
36.3

124.7
100.3
54.3
33.2
91.7
93.2
54.3
22.2
40.0
44.4

255.9
79.3
44.7
39.9

PAYLOAD SEPARATION
14" (36cm )

ALUMINUM

"R

486.3
158.4
125.9
53.7

108.2
172.0
162.2
146.4
131.6
165.0
160.1
109.8
40.0

119.2
83.6

169.9
153.7
142.2
126.2

UK

270.2
88.0
69.9
29.8
60.1
95.6
90.1
81.3
73.1
91.7
88.9
61.0
22.2
66.2
46.4
94.4
85.4
79.0
70.1

FIBERGLASS

"R

486.4
158.5
125.4
41.2
60.9

210.2
171.7
95.4
57.7

165.0
164.2
96.2
40.0
67.0
73.6

315.8
137.1
78.8
66.8

°K

270.2
88.1
69.7
22.9
33.8

116.8
95.4
53.0
32.1
91.7
91.2
53.4
22.2
37.2
40.9

175.4
76.2
43.8
37.1

PAYLOAD SEPARATION
35" (89 cm )

ALUMINUM

°R

435.9
141.6
114.5
50.8

103.6
161.2
153.6
139.7
126.2
165.0
157.8
106.6
40.0

114.1
76.1

159.2
145.9
136.0
121.0

°K

242.2
78.7
63.6
28.2
57.6
89.6
85.3
77.6
70.1
91.7
87.7
59.2
22.2
63.4
42.3
88.4
81.1
75.6
67.2

FIBERGLASS

°R

436.0
141.8
114.0
36.0
52.7

198.5
166.4
91.5
53.9

165.0
162.0
94.9
40.0
57.8
62.1

268.1
132.8
75.6
57.8

°K

242.2
78.8
63.3
20.0
29.3

110.3
92.4
50.8
29.9
91.7
90.0
52.7
22.2
32.2
34.5

148.9
73.8
42.0
32.1

-
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Table 1.2-15: COAST PHASE TEMPERATURES, VEHICLE 1-U

NODE NO.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

TEMPERATURES
TRUSS SIDEWAU STRUCTURE, INSULATION INSIDE, ONE SHADOW SHIELD

14" PAY LOAD SEPARATION
(36 cm)

ALUMINUM

°K

193.6
161.0
130.2
97.1
94.9

166.0
164.0
90.7
69.5

165.0
159.0
93.8
40.0
92.3
81.8

183.7
144.7
121.1
66.1

K

107.6
89.4
72.3
53.9
52.7
92.2
91.1
50.5
38.6
91.7
88.3
52.1
22.2
51.3
45.4

102.1
80.4
67.3
36.7

FIBERGLASS

R

345.4
159.0
125.3
46.1
65.5

180.2
164.8
88.8
44.6

165.0
160.1
93.9
40.0
66.0
73.5

365.3
144.3
95.3
52.6

K

191.9
88.3
69.6
25.6
36.4

100.1
91.6
49.3
24.8
91.7
88.9
52.2
22.2
36.7
40.8

197.9
80.2
52.9
29.2

CARBON/
EPOXY

°R

316.0
161.1
125.4
58.9
64.7

176.7
164.9
88.8
51.3

165.0
159.8
93.8
40.0
65.3
73.9

273.0
142.5
105.2
52.6

K

175.6
89.5
69.7
32.7
35.9
98.2
91.6
49.3
28.5
91.7
88.8
52.1
22.2
36.3
41.1

151.7
79.2
58.4
29.2

35" PAY LOAD
(89

ALUMINUM

°R

166.6
143.2
118.5
91.3
89.0

164.0
161.1
86.0
66.8

165.0
158.3
93.0
40.0
86.3
72.9

159.3
129.7
111.3
63.6

°K

92.6
79.6
65.8
50.7
49.4
91.1
89.5
47.8
37.1
91.7
87.9
51.7
22.2
47.9
40.5
88.4
72.1
61.8
35.3

SEPARATION
cm)

FIBERGLASS

°R

269.9
142.2
113.8
41.6
56.2

171.3
161.5
84.1
42.1

165.0
158.8
92.9
40.0
56.6
62. a

288.6
132.3
87.0
48.3

K.

149.9
79.6

63.2
23.1
31.2
95.2
89.7
46.7
23.4
91.7
88.2
51.6
22.2
31.4
34.4

160.3
73.5
48.3
26.8

CARBON/
EPOXY

R

252.3
143.7
113.9
54.2
56.9

169.8
161.6
84.1
48.7

165.0
158.8
92.8
40.0
57.3
62.6

K

140.2
79.8
63.3
30.1
31.6
94.3
89.8
46.7
27.1
91.7
88.2
51.6
22.2
31.8
34.8

222.5 123.6
128.4
95.1
48.9

71.3
52.8
27.2

Table 1.2-16: COAST PHASE TEMPERATURES , VEHICLE 1-14

NODE NO.

1
2
3
4
5
6
7
8
9

10
11
12
13
14 •
15
16
17
18
19

TEMPERATURES

TRUSS STRUCTURE SIDEWALL, INSULATION OUTSIDE ON TOP, INSIDE ELSEWHERE

4" (10 cm)
PAYLOAD SEPARATION

ALUMINUM

o
R

509.4
170.8
136.1
100.0
97.9

197.7
168.4
93.2
70.9

165.0
162.3
95.3
40.0
95.5
87.1

196.8
152.4
126.2
67.4

o
K

283.0
94.9
75.6
55.6
54.4

109.8
93.6
51.8
39.4
91.7
90.2
52.9
22.2
53.1
48.4

109.3
84.6
70.1
37.4

FIBERGLASS/
EPOXY

o
R

509.4
169.0
130.7
48.6
70.6

223.6
171.4
91.3
46.1

165.0
165.8
96.1
40.0
71.1
79.9

460.0
151.0
98.8
54.9

o
K

283.0
93.9
72.6
27.0
39.2

124.2
95.2
50.7
25.6
91.7
92.1
53.4
22.2
39.5
44.4

255.6
83.9
54.9
30.5

14" (36 cm)
PAYLOAD SEPARATION

ALUMINUM

R

486.3
156.6
129.0
96.5
94.4

167.4
163.4
90.3
69.3

165.0
159.0
93.8

40.0
91.8
81.7

164.9
141.9
120.1
65.9

o
K

270.2
87.0
71.7
53.6
52.4
93.0
90.8
50.2
38.5
91.7
88.3
52.1
22.2
51.0
45.4
91.6
78.8
66.7
36.6

FIBERGLASS/
EPOXY

R

486.3
158.9
125.3
46.1
65.5

209.7
167.9
89.0
44.7

165.0
163.4
95.0
40.0
65.9
73.5

313.0
144.2
95.3
52.6

o
K

270.2
88.3
69.6
25.6
36.4
iu.5
93.3
49.4
24.8
91.7
90.8
52.8
22.2
36.6
40.8

173.9
80.1
52.9
29.2

35" (89 cm)
PAYLOAD SEPARATION

ALUMINUM

R

435.9
139.8
117.5
90.7
88.6

U9.6
159.7
85.5
66.6

165.0
157.3
92.6
40.0
85.8
72.7

146.9
127.6
110.3
63.4

K

242.2
77.7
65.3
50.4
49.2
83. \
88.7
47.5
37.0
91.7
87.4
51.4
22.2
47.7
40.4
81 6
70.9
61.3
35.2

FIBERGLASS/
EPOXY

R

436.0
142.2
113.8
41.6
56.2

197.8
164.0
84.3
42.2

165.0
161.5
93.8
40.0
56.6
62.0

261.3
132.3
87.0
48.3

K

242.2
79.0
63.2
23.1
31.2

109.9
91.1
46.8
23.4
91.7
89.7
52.1
22.2
31.4
34.4

145.2
73.5
48.3
26.8

189



u
X
LU

to
I—
X
O

•£

Q-
O

CM

R
E

M
A

R
K

S
S

Y
S

TE
M

W
E

IG
H

T

t-

O

S
z

LU
O

s
z

OX
ID

IZ
ER

_J
LU

2

O
X

ID
IZ

E
R

LU

s

IN
S

U
L
A

T
IO

N
W

E
IG

H
T

?

j:

i

IN
S

U
LA

B
O

T
T

O
M

n ?'

UJo

z

O£
lu
M

0 Xi/» o

„.
*~

Z

g5

II

M
A

T
E

R
IA

L
S

TR
U

C
TU

R
E

1 o

c

-O

O)

-
O)

-
u

c

E
u

£

Jf
i
E
u

.E

E

c

E
u

c

E
u

c

E
u

c

u

c

ro

CN

00

in
V)

fc
-o

-.
NO

0

o
CO

CM
CM

s
CM
0

i
a
o

s:
CN

m

s
"0

oo
o

0

0

rs

CM
CM

3

M
o

i
n
D

CM

Jn

3

•0
•o

00
o
o

R
CM
CM

2
In
CM
0

i

in
CM
o

o

M

rs.

in
oo

n

0

ro
CO

CM
CM

3
o

a
o

0

tn
CM
O

sWsiio

O

CN

S

s

s
fs
O

o

CN

CN
CM

3

:N
o

3
O

a

oo

R

V)

*

*

2
O

CM
CO

CM
CM

3

a
o

1
m
CN
o

o-;-o

i

S;S!S: 2 CN 3

! 1 1 .

8

o

8

§

8

00
o

8

CD
o

CM

~

'
o

'

c

"i
<

m
CN

o

o
CO

CN

3

O

>l

0

2 R

S CO

£8
1

O
O

CM
CO

"

CN
in

O

-

F
ib

er
gl

as
s

00
o

5
• •

CN

-o
ro

r

A
lu

m
in

um

aj§

o
—

ro

Rp
|

o
0 3

2)8
o

oo

D

O

5.
•o
CO

*

a
s

I
i.

s
CO

&

5:

a

o
o

Tsi

O

OO
o

s

in

•o
o

s

5 r
ja

-0
CN

oa

•2

2

0
0

8
CM
CM

R

3

i—

O

8
CM
CM

In

rs

s
S

s

fs
O

O

a
CM
CM

31313
o'ojo

•i •; •
i
[S|
O

I

*a
o

•„
IfM

0

I

£s

1
io|tn
CM CN
ojo

s
o
o
o

R

S

R

*

O

O

mjo
CNfCN

CM
CM

0

u"i
CM
o

3
O

in
CM
0

CM
CM

3
O

CM
O

I

tn
CM
0

SO :CM
in

CO

1

S S 5iS S

In
su

la
tio

n
O

ut
si

de
 O

n
 T

op

In
si

de
 

E
ls

ew
he

re

in*m

mrs

s

^
o

CO
CM

CN
CM

3
O

a
o

R

*

B
O

S
CM
CM

3
O

CM
O

3J3
O|O

S
in
CM
O

R

in

s
m

rs
o
o

CM

CM
CM

3
O

a
o

i
ins

R

£

R

00
o
o

R

|lL

CM'
CN

3
0

a
o

3
O

m
CM
o

j

rs »n in'— i
in n CM CM

j . ;

i J 1

o •* *
ro <^ :

s

m
ro

A
lu

m
in

u
m

O
OD

m
ro

F
ib

er
gl

as
s

1 1
u

i

i

A
lu

m
in

um

m
CM

O

o
CO

CM

o

—

s

CO
o a CO at

1 1 !

s

[SI

OH
0

0

00
CM

in co
o o

oo CO

fslo-
ojo

CO O

1 —

1 J

2
•oo

CM
CO

—

CN
m

o

F
ib

er
gl

as
s

2

__

8

„
O

o-

•"

rs

0
CO

A
lu

m
in

u
m

00
0

s
'

00

ro

I
E"
J
Li.

00 0

-£
sis

00

&

5

00
0

in
o

o^

1

rs

s

j

fc

F
ib

er
gl

os
s

S

o

s
2

£
0

CN

CN

3

i
ITi

CM
0

i

N
O

CN

5

R

S
O

CO

CM
CM

3
O

—

CN
O

i
*in
CM
O

5
ft
CO

S
0

CM

CN
CM

3
O

CM
0

m
CM
O

' 1

oo

o
m

a
rs
o

R
OO

3

S

X

S
o o

a- *o

CM' CM
CM CM

3
O

*"

CM
0

O

a
o

3
0

>r>

s
3
o

a
o

f
) 1

c

o
3

fs

fc

8

§
0

CO
CM

CM
CM

3
0

CN
0

O

s

""»

R

§

O

O

CM

CM
CM

3
O

1

5

§

s
rs

s

o
o

a
CM
CM

3

in
CM
0

o

(h
CN
o

L.
0

CN CM

— o

tn o
CN CO

o loo
CN —

coirs
o o

CO
CM

o

m
o

R

O»
O

s
—

0

A
lu

m
in

um

CN

O

R

S

0

—

-

2

1
J
JZ

o
0

o
o

00

rs
o

CM
0

tn
CM

O

o

CO

o

m
CM

m
CM

O

si
- !1
§

£

CO

o>
00

III

III
<F

§

CO m
CM

s
m
CM

0

in
o

2

•O
O

ro

-

S

—

E
D
C

m
o

m

3

5

ft

CO

-

o
CN

— —

00
o

m
<N

O

in
0

in
CM

o

S

S
m

oo
00

0

CO

CM

CN
CM

O

r-i
0

o

m
CN
O

COm

£

§

o
o

CN

CN>n

R

R

0
0

_c

ft

S

fc

§
!d

CN CN

CNlCM
CNJCM

3

CN
O

0

m
CM
o

3
o

'a
o

CN
CN

3

i

§

VTi

CN
0

3)
o

CM
0

in

fc
CM
O

0

o

8

S

s
m
o

o
0

8

a
m
»s

S

O

0

CM

CM CN CM"
CM CNJCM

3o

*a
o

3
O

§

3
0

a

i
*m
CM
O

3
0

o

3
o

R

R

ffi

0
0

N

5

R

S
O

~iS
CN
CN

3
O

[SI
O

3
o

fsi
CM

(I
n
su

la
tio

n
 

In
si

de
]N

R
C

-2
0

n
 

S
id

e
lA

L
M

A
ilk

 N
e
t

r

s

3J 3
0| 0

s

mtn

1

—

3o

1* '*
CM fSJ

0 0

31 133
0 101 0

sis is
O|OIO

i i i 1

m
CN

m
CM
O

1

1

1

£

1
N

R
C

-2
 
an

 
S

id
e 

+
]A

L
M

/S
ilk

 
N

e
t 

+
lA

L
M

A
lt
o
a
d

 
Fo

am

a>

3

j

O

§

"Ors

CO

3

i •
r

533
o|o o;
# *
CN JCN

3J2&
in
CNo

i :

«Vsl

** * i*m m m
CM ICM <N

00 10

! i !

rs -c-iotO oo [to eo in o -o ro ' • ! ;

fs r> .LA -— o i CMtnn ' ^ 'O ' ^ , ' ' i

CO s in
CM

c^T WHO

s
CO
CO

s
|

s

-o
o

n
CO

-

o>
oo

C-,

m

•o
o

00

CO

CO

F
ib

e
rg

la
s
s

A
lu

m
in

u
m

F
ib

e
rg

la
s
s

°.

CM
O

S

n

CO

roi

-o
CO

—

E

c
'E

1

-o
CO

CO
CM

• •
^

s

0
CO

CM

S
—

7

o

A
lu

m
in

u
m

s

R

o

^
—

to

o

?,
1in

O
CO

«

oo

CO
CN

-

S

n

-o

-

t

1

8 00

8 =

CO

-

s

m

3

g
—
CN

n

—

o
"i"
.8

0
CO

CM

8 CM
CO
CN

l j . f- •-,

Ol — IO

R

O-
o

in
r>

a

§

3

0

n

m
O

oo

J
m
CM

o
oo

A
lu

m
in

u
m

CN
CO

o
CO

CO

8

Iu.

fr t>

U

0
CO

CO
CM

CM

s
o
CO

CM

fc

ro

o

E

'E
_3

r

O

8

§

rs

00
CM

,

co

CO

s

8

CO
o

c*

—

sbJR mi -o R

i ' 1 1

mltnlo
CMICN CM

0 o 00

in
0

00

rs
O

£

-o
o

mo
• •

8

8

S

00

o

s

$istjfcJR

0

F
ib

er
gl

as
s

s

-

A
lu

m
in

um

-o
CO

-

F
ib

er
gl

as
s

£

CO

A
lu

m
in

um

fc

h3
S

is

CO

F
ib

e
rg

jo
ss

,

SI

rs

C-.JO

i ' i

ooio|tn
'U'i^-'i — J — j —

T-: JJS ;Q

S

I

•o
o

ftjfc

• : • " " •

s
CO

§ m

—'[

CO
CO

o m
•' •

1-
•o Un
rotm

cr

—

A
lu

m
in

um

X)
CO

—

fcis

•oioo
°.r.

sc? 00o
•[ • •

sis
,—

CO
CM

CO

CM

CM
O1-

-o
CO

—

t-

S

CO

CM
CO

-o

^

-o rs

— —
rsrs

£
—
5

•o
CO

—

—

SRI

00

CM

•o
CO

-o
CO

:

A
lu

m
in

u
m

•D
es

ig
ne

d
 
b
y
 
M

in
im

um
 

G
ag

e
 

+
 M

in
im

u
m

 
T
hi

dc
ne

ss
 
F

ix
ed

 
«
 fo

u
lo

ti
a
n

 In
si

d
e
, 

T
 

. 
F

190



81 - 1HOI3M W3JLSAS
I 1

GO

7

u
X
LLJ

o

cs

U

to
I—

O
LU

UJ

CN
•

0)
D
O)

191



One Shadow Shield

ca

y
UJ

x
O

O_

O

oo

CM

_o
D

I 
S

Y
S

T
E

M
W

E
IG

H
T

.

UJo

z

O
N

 
T

H
IC

K
N

E
S

S
IN

S
U

L
A

T
I

O
X

ID
IZ

E
R

— j
UJ

2

UJ

2
_j
UJ

2

v\

IN
S

ID
E

O
UJ

n
to

Q

X
0

9
to

0

o_
0

P
A

Y
 L

O
A

D
S

E
P

A
R

A
T

IO
N

o>

~
B

£

§

.£

6

£

6

.6

6

.E

6

.£

6

.£

6

.c

E
u

c

M
A

T
E

R
IA

L
S

TR
U

C
TU

R
E

-0 0
CO fl

CO CN

£3

JO

£

o rv
CO CM

CO 00

ft)

TJ

I

CO CO

•o o

CO CM

MD CM

S8S

iiiiiiii
in m
CM CM
0 o

in in
CM CM
0 0

o o o o

m in m m
CM CM CN CN
O O O O

m mss m m
SS

3333
O O O O

m m
CM CN
o o

* «
m in
CM CM
o o

M3 N3 CO O •— —
CO CO CO CM -̂ M3

•o —
CO 1 '̂

22 CO 00
•— o — CM

^ <o

0 . jo in co 0. jg co

CM rs.
— o £3 CO CO

— o
o m
o o

oo m
O 0

m m
0 0

co m
o o

m in
0 0

ss SS 8S SS

28 §8 88 £8

So 85 CD —
O O

in —
O O

5 (M 32 5f3 m co
CM •—

2£ S m
0 *s £S

<n CM
Srv S CM

CM Srv

— — — ~

fs. •*
in •«•

in oo
CO CM

in co
in *r R C M

0 O

•* *

A
lu

m
in

u
m

F
ib

er
gl

as
s

355

33

A
lu

m
in

u
m

F
ib

er
gl

as
s

'

o o

*"

A
lu

m
in

u
m

F
ib

er
gl

as
s

CM CM
m m

33

II
JJ

C
o
rr

u
g
a
te

d
S

h
e
ll

O CO
CO CO

— 0-

Srv

33
0 0

in in
CM CM
0 0

33
o o

CM CV
0 0

In
su

la
tio

n
O

u
ts

id
e

rv o
CM CO

0 -0

il
in m
CM CM
0 0

o c

in in
CM CM
0 O

CO CN K. CO
CM CO CM CM

0 CM

'-SP!
m o

£3

3333
o o o o

m in
CM CN
o o

33
O O

u-> in

ss

in in
CM CM
o o

33
O O

• *in m
CM CM
o o

•o m §§ 00 CM
CN CO 2R

—
O3 S3
•— O 88 — CM— in PN, O

O O

8 2 82 82 32

— in
o o

— m
o o

— in
o o

•— MD
o o

s§ m m
o *— s§ m m

0 O

88 S§ 58 SS

88 S3 88 S8

0 O
CN —
O O 5 o CN —

0 O

CO O
>— CM

ro oo CO CO CO CO

m oo
0 0

in N.
o o

in rv
o o

m m
o o

CM O
CO — r"v oo

o- o
00 CO Is*. CO

— — ~

CM PS.

in •* co jn m _
co »n CO CO

CM CO

o o CN CM
in in o o CM CM

in *n

— 33 — 33

A
lu

m
in

u
m

F
ib

er
gl

as
s

A
lu

m
in

u
m

F
ib

er
gl

as
s

1

A
lu

m
in

u
m

F
ib

er
gl

as
s

•o
S.
&

5
u

A
lu

m
in

u
m

F
ib

er
gl

as
s

ft>_c

i!
11
lo T

op
. 
kn

id
e

E
ls

ew
he

re

O — rv rv
CO CO CM CM

O rv rv o-

S533

S3
O O

m mss
33
O O

So in
CM CN
0 0

33
o o

0 S

33
O O

in m
CM CM
0 0

O cr
CO —

CN

-V O CN M3
o o &* o

CO OC CO W»

0 0
m -o
0 0

in co
o o

m m
0 0

S8 CM CM
0 O

£8£8

S3 So

88 CO CO

OO OO
o o

in m
o o

CN CM — *-

— —

5 ^ CM CM

O O CM CM
m in

— 33

A
lu

m
in

u
m

F
ib

er
gl

as
s

A
lu

m
in

u
m

F
ib

er
gl

as
s

U-
.£

$

m

°
3
O

m
CM
O

i
in
s

S8

CO

£
CO

o

o

N.

^

at

ro
CO

§
-
rv

O

»

A
lu

m
in

u
m

j

"5 "2
Jl

CM CM

m ao
— o
•o m

33
O O

<n in
CM CM
o o

33
CM CN
0 O

00 00

N. r̂
o o

ro in

in *o
o o

-O CM
o o

§s

2§

S3

00 OO

3 O

r̂ in

2S

—
CM CM

A
lu

m
in

u
m

F
ib

er
gl

as
s

In
su

la
tio

n
 

II
O

u
ts

id
e
 

1

{5 {5

- •»

S3

33
O O

in ir>
CM CM
O O

33J
o o

ss
in cc
O CN

CM —
o "~

S2

CN m
o o

ss

ss

88

o o

82

OD rv
0 O

S3 -O
VI -O

-0 -0
CM CM

s5s5

CM <M

A
lu

m
in

u
m

F
ib

er
gl

as
s

|

In
su

la
tio

n
 
I

O
u
ts

id
e
 

J
l

-o rv
CM CM

0 S3

rv Q
in 55

ii
in in
CN CN
0 O

33
O O

m m
CM CM
o o

S2

So"

82

— »n
0 0

CM CN
0 O

CN CN
O C

S3

CN —
0 O

m m

•o *o
0 0

In S3

SS

33

SS

E »
il
•| j
< ut

1

I

&

192



The data of Figure 1.2-27 shows a relatively small variation in system weight
for the different approaches examined. The optimizations were performed using
centerline dimensions to calculate insulation areas. Due to the small weight
differences obtained the actual insulation areas (including the difference between
insulation inside and outside the structure) would have some effect on the com-
parisons. Approximately 0.5 Ib (.23kg) of insulation would be added to the
cases with insulation outside, and about the same amount subtracted from the
cases with insulation inside. The lightest weight cases were obtained using a
shadow shield. The weight of the shield and mounting provisions are not in-
cluded in the graph.

The payload separation in the graph refers to the distance between top deck in-
sulation and the bottom of the payload.

The thermal system analysis provided a convenient means for further evaluation
of MLI material choices. In this case, the influence on system weight was ob-
tained for Vehicle 1-14. The medium payload height was chosen and the multi-
layer concepts were; (1) NRC-2 on the sidewall with aluminized mylar/nylon net
on the top deck, inside and on the bottom, (2) aluminized mylar/two silk nets,
and (3) aluminized mylar/sliced foam. The data points for the 14 in (35.5cm)
payload separation are shown on the graph. None of these approaches were as
efficient as the combination of aluminized mylar/nylon net with a shadow shield
on the top deck. The sliced foam spacer gave the highest weight, however,
total weight differences were slight.

Vehicle 1-2B Results: The optimum system weights and dimensions from these
analyses are presented in Table 1.2-18. The weights are shown graphically in
Figure 1.2-28. The intermediate payload height was omitted in this evaluation
to reduce computer run time with the exception of several cases where use of
a shadow shield was studied.

The results show that minimum tank gages were obtained in all cases. The least
weights were obtained with the high payload position which increased the view
to space. The addition of one shadow shield to both truss and corrugated con-
struction was efficient, however, the weight difference (<=i3 Ib (1.4kg) was
slight and would probably be consumed by the shield and installation weight.
Overall, the system weights for this vehicle were greater than for Vehicle 1-14.

Vehicle 1-2A Results: This was the inverted version of the preceding vehicle.
The large view to space along the conical surface of the top deck was reflected
in the lower system weights of Figure 1.2-29. Raising the payload height had
a lesser effect in this case.

The optimization data is included in Table 1.2-19.
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Vehicle 1-3 Results: The system weight plots are presented in Figure 1.2-30.
The data used to construct the plots is included in Table 1.2-20. System weights
were significantly greater for this vehicle. Insulation thicknesses on the top
deck were over 0.80 in (2.04cm) in several cases. With the insulation inside
there was little difference in system weights between aluminum and fiberglass
structure, either for corrugated or truss construction.

Vehicle 1-7 Results: The results are presented in Table 1.2-21 and Figure
1.2-31. This vehicle was only suited for truss construction because of its rec-
tangular configuration. Thick MLI blankets were obtained on the top deck for
the low payload case.

Vehicle 2-2 Results: Table 1.2-22 and Figure 1.2^32 show study results. Large
insulation thicknesses were derived for the top deck with insulation inside the
structure. In these cases the FLOX tank gages also exceeded the minimum de-
sign limit. The least weight approach indicated by the graph was with insulation
outside of the structure.

Vehicle 2-3 Results: Truss structure was the only method of construction evalu-
ated for the remaining FLOX/CH^ vehicles. This was because least system
weights were obtained for truss structures in the LhL/LF-? vehicle studies and
because continuous shells were not weight efficient in the "Vehicle Structure
Evaluation". The results for this vehicle are shown in Figure 1.2-33 and Table
1.2-23. System weights were greater than any of the other FLOX/CH, vehicles.

Vehicle 2-18 Results: Fiberglass struts were the only structural arrangement
evaluated. The design configuration allowed the payload support struts to extend
to a ring which also served to support the tank and the engine, thus the main
body members were the payload supports. Fiberglass was selected to minimize
heat conduction from the payload. The results are presented in Figure 1.2-34
and Table 1.2-24. The last entry in the table was an evaluation of system
weights where the MLI thickness was limited to the minimum required for mete-
oroid protection. The least weight case employed one shadow shield, however
the weight advantage was only about 2 Ibs (0.9kg).

Vehicle 2-14 Results: The data for this vehicle is presented in Figure 1.2-35
and Table 1.2-25. Weight differences were small for the various construction
methods, however, the use of a shadow shield was least weight. Fiberglass
truss members also produced least weights.

Vehicle 2-19 Results: The data is presented in Figure 1.2-36 and Table 1.2-26.
In this configuration the truss members were actually payload supports as des-
cribed for Vehicle 2-18. The loads were introduced into the tank cylindrical
shell at the top and the weights in the figure do notreflect additional shell
stiffening for compressive loading. These weights were given in the discussion
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of the "Vehicle Structure Evaluation". The system weights were greater than
Vehicle 2-18, partly because of the inefficiency of the conical portion of the
tank as a pressure vessel.

Meteoroid Protection Evaluation

An experimental program was conducted to obtain simulated meteoroid impact
data. The experiments were performed with a light gas gun which shot cylin-
drical polyethylene projectiles at velocities ranging from 23,000 to 27,000 fps,
(7.0 to 8.2 km/sec).

The propellent tanks were the vehicle components which were protected. An
aluminum witness plate was used to record projectile damage. This plate was
located behind the meteoroid protection system and represented the propellent
tank wall. A 50% penetration of the tank wall was established as a maximum
limit.

Meteoroid protection systems evaluated consisted of (1) aluminum single sheets,
(2) Beta fiber fabric, (3) fiberglass/epoxy laminate, (4) metallic and non-
metal lie honeycomb sandwich, (5) several types of MLI with different spacer
materials, and (6) combinations of MLI with Items 1 through 4.

The experimental results were developed in terms of an equivalent thickness of
aluminum protection system (T]) necessary to protect a certain aluminum tank
wall thickness (To). Both thicknesses (T-j and To) were normalized to meteoroid
diameter (D) so the data could be used to evaluate protection systems for various
vehicles and probabilities of mission success. Design curves were prepared for
all of the protection concepts tested.

Design meteoroid sizes for each vehicle were determined from an assessment of
the predicted environment, considering the vehicle size, mission duration and a
probability of no failure of 0.999.

A discussion of the meteoroid protection test program, derivation of the Earth/
Mars trajectory, derivation of the 50% maximum penetration criteria, develop-
ment of design curves and design meteoroid diameters is contained in Section
2.0, Task II, "Experimental Evaluation" and in Appendix C of the companion
Volume II, NASA CR-121104.

An initial screening process was employed to select vehicle details for the mete-
oroid protection study. The parameter of primary importance was pay load height.
A low payload position tended to reduce vehicle structure weight, increase heat
transfer to the propellents, reduce payload support weight and reduce top deck
meteoroid protection weight due to the decreased view factor. Conversely, a
high payload position increased payload support and vehicle structure weights,
reduced heat transfer to the propellents because of the enlarged radiation window
and afforded less meteoroid protection for the top deck.
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The approach used in the initial screening was to: (1) determine payload sup-
port weights as a function of payload height, (2) determine the top deck mete-
oroid protection required as a function of payload height, (3) summarize vehicle
weights including body and adaptor structure, and thermal systems as derived by
the "TATE" program in terms of payload height, and (4) select the least-weight,
practical design concept for the meteoroid protection study.

Payload supports were fiberglass tubular struts except for the low payload case
where a molded fiberglass bracket was assumed. The payload support weights
were determined from Figure 1,2-37 and a computer program which calculated
support strut length and load for each payload height. Twelve payload support
struts were employed in each vehicle except 1-7 where eight members were
used. The length and load of payload supports were used to calculate P/L
and derive a wall stress from the first curve of Figure 1.2-37. The member
area was then obtained by dividing wall stress by member load. Member weight
was calculated using a material density of 0.066 Ib/in (1890 kg/m^). End
fitting weights were obtained by means of the second curve of Figure 1.2-37.
This curve was constructed from the data of Figures 1.2-6 and 1.2-7. The end
fitting weights were added to member weights to obtain the values entered in
tables such as 1.2-27.

Top deck meteoroid protection was obtained by adding MLI to the basic blanket
required for thermal protection. The meteoroid protection weights shown in the
following tables represent the A weight of MLI necessary to obtain adequate pro-
tection. The basic top deck blanket weight is included in the system weight
column. This additional material would utilize non-aluminized radiation shields
to maintain the thermal balance derived by the TATE program. MLI was selected
for meteoroid protection because it was the most weight-efficient concept.

The initial screening results for the ten study vehicles are shown in Tables 1.2-27
through 1.2-36. Table 1.2-27 presents the data used in making a selection for
Vehicle 1-14. Four MLI locations were considered. The insulation material
represented in this chart is aluminized mylar (.15 mil)/nylon net. In the major-
ity of cases the top deck MLI was adequately thick for meteoroid protection.
Blanket thickness data for this vehicle was from Table 1.2-17. It should be
noted that the weights do not include internal structural members, engine supports
and various clips, brackets, and miscellaneous hardware.

There were several least weight choices. In the medium payload height, for an
aluminum truss structure, these included (1) MLI inside with a shadow shield on
the top deck, (2) MLI outside, and (3) MLI inside. Of these, the latter was
chosen because it had the thickest MLI blankets in other areas of the vehicle
and thus would require the least additional protection. A fiberglass truss struc-
ture in this same payload height, combined with a shadow shield, offered low
weight, however, the shield weight was absent and the fiberglass members had
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no particular advantage over aluminum. Another low weight combination was
MLI outside on the top deck and inside on the sidewall. Obtaining a low heat leak
payload support penetration through the MLI would be difficult, therefore, this
approach was abandoned.

Table 1,2-28 presents data used to make a selection for Vehicle 1-2B. The
shadow shield approach combined with aluminum or fiberglass truss structure was
least weight, however, the weight of a shield and installation hardware would
make these concepts about on a par with an aluminum truss structure - low pay-
load position - MLI outside. This latter concept was selected for the meteoroid
protection analysis.

Table 1.2-29 indicated that the least weight approach for Vehicle 1-2A was an
aluminum truss structure with a low payload and MLI outside the structure. This
concept was chosen for further evaluation.

The best initial selection for Vehicle 1-3 was an aluminum truss structure with
a low payload position and MLI on the outside. Table 1.2-30 summarizes the
weights of the various approaches considered.

The concept selected for Vehicle 1-7 consisted of fiberglass truss structure with
a low payload and MLI on the inside. The weight data is shown in Table 1.2-31.

Results for the LHo/LFo vehicles are summarized below. These selections be-
came baseline vehicles for the detailed meteoroid protection study.

Vehicle Payload Height Structure & Material Insulation Location

1-14 Medium (14") Aluminum Truss Inside Structure

1-3 Low (4") Aluminum Truss Outside Structure

1-2A Low (4") Aluminum Truss Outside Structure

1-2B Low (4") Aluminum Truss Outside Structure

1 -7 Low (4") Fiberglass Truss Inside Structure

Data for Vehicle 2-14 is provided in Table 1.2-32. Both low and high payload
positions produced least-weight cases. A vehicle with an aluminum truss struc-
ture, low payload and MLI on the inside was chosen because it was nearly least-
weight and had the thickest MLI in areas other than the top deck.

In Table 1.2-33 it can be seen that the top deck MLI required for thermal pro-
tection of Vehicle 2-3 was also adequate for meteoroid protection. There are
several low weight approaches apparent in the table. The combination of low
payload position and aluminum truss structure was best and was selected for
further study. The continuous shell structure concepts were not analyzed for
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meteoroid protection. The table shows a significant structural weight penalty
for corrugated construction and experience with Vehicles 1-14 and 1-2B indi-

cated that it was impossible to offset a penalty that large.

The low pay load case, using fiberglass payload supports for the body structure

and with MLI inside, was the least-weight concept for Vehicle 2-18. The data

is shown in Table 1.2-34.

Table 1.2-35 presents data for Vehicle 2-19. The low payload position was the

best approach. In this case the MLI on the top deck provided adequate mete-

oroid protection. An evaluation of sidewall and bottom cone showed that
meteoroid protection could be obtained with minimal additions of MLI. The side-
wall and conical portions of the tankage were considerably thicker than the mini-

mum gage encountered in other vehicles.

Table 1.2-36 shows data for Vehicle 2-2. In the cases evaluated there was no
requirement for additional MLI on the top deck for meteoroid protection. There-
fore, the selection was made based on structure and thermal systems weight. A
low payload position, aluminum truss structure, with MLI outside offered the
least-weight and was selected for further study. A fiberglass truss structure was

about equal.

Results for the FLOX-ChL vehicles are summarized below.

Vehicle Payload Height Structure & Material Insulation Location

2-18 Low (4") Fiberglass Truss Inside Structure

2-19 Low (4") Fiberglass Truss Outside Structure

2-14 Low (4") Aluminum Truss Inside Structure

2-2 Low (4") Aluminum Truss Outside Structure

2-3 Low (4") Aluminum Truss Outside Structure

The approach for selecting the overall meteoroid protection concept was to deter-

mine if the structure, MLI and tank gages were adequate in all areas of the

vehicle, without additional protection. If sufficient protection was available,
then a least-weight design had been obtained. However, in all cases there was
insufficient protection. Several alternatives were then considered to find the
least-weight approach. The alternatives included (1) increasing the tank gage,
(2) adding metallic or glass fabric bumper sheets, (3) increasing the MLI thick-

ness, (4) use of continuous structural shells in place of truss structure, and (5)
combinations of these approaches.
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The order in which the alternative meteoroid protection approaches were evalu-
ated was:

(1) increase tank gage,

(2) increase tank gage and add Beta fiber cloth to the MLI,

(3) add multiple layers of Beta fiber cloth, ignoring protection
afforded by the MLI,

(4) add Beta fiber cloth and increase MLI thickness,

(5) increase MLI thickness, with aluminized or non-aluminized
radiation shields,

(6) evaluate alternate MLI materials,

(7) replace truss structure with continuous shell structure, and

(8) evaluate other competitive arrangements, e.g., alternate structural
concepts, insulation locations or shadow shields.

Vehicle 1-14: The design meteoroid diameter for this vehicle with a medium
height payload was 0.065 in (0.17cm), and tank gages were » .025 in (0.064cm).
Using the design curve of Figure 1.2-38, where tank gage/design meteoroid
diameter ^/D) = 0.385, a value for the normalized MLI thickness (T,/D) in
terms of equivalent aluminum thickness was obtained. This value was 0.099
and was converted to the correct number of aluminized mylar/nylon net layers by:

T,/D x D x p .
I alum. __ ,. . /

rrr = zo shield/spacer pairs
MLI

where P . = density of aluminum and W . . = weight of a shield/

spacer pair.

Using 70 shields per inch (28 shields/cm), the thickness of MLI required to give
adequate protection was 0.33 in (0.84cm). Referring to Table 1.2-17, the MLI
thickness on the top deck was 0.36 in (0.92 cm), the upper sidewall was 0.08 in
(0.20cm), the lower sidewall was 0.13 in (0.33cm), and the vehicle base was
0.11 in (0.28cm). MLI by itself provided adequate protection only for the top
deck. The first entry in Table 1.2^37 indicates this fact. System weights are
those derived from the TATE (Tank Arrangement Thermal Efficiency) program and
include tanks, insulation, propellent vapor, helium and helium tank. Structure
weights are those obtained from the "Vehicle Structure Evaluation". The pro-
tection A weights are those additional quantities of multilayer, Beta fiber cloth
or tank material necessary to obtain protection for the baseline vehicle.
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Increasing tank gage to obtain adequate protection resulted in prohibitive weights.
For example, in the L?2 tan'< bay the sidewall MLI was 0.08 in (0.20cm) thick
and using the curve of Figure 1.2-38 it was impossible to derive an adequate
tank gage.

The MLI thickness on the sidewall was converted to 6 shield and spacer layers,
and using the equation described previously, a value of 0.024 was obtained for
T,/D. Entering the graph at Ti/D = 0.024 an intercept with the MLI protec-
tion curve could not be obtained, therefore, the normalized tank gage (To/D)
was considerably greater than 2.6. This value of T«/D would result in a tank
gage of 0.17 in (0.43 cm) or a factor of 6.8 on tank weight. The resultant
weight penalty was >87 Ib (39.5kg) for the LF2 tank alone.

The curves of Figure 1.2-39 identified as To /D = 0.0273, 0.046 and 0.092
represent protection systems consisting of combinations of MLI and Beta fiber
cloth. The first curve mentioned used one layer of Style 8116 cloth, the second
used one layer of Style 15035 cloth and the third used two layers of Style 15035
cloth. Beta fiber cloth combined with the MLI and an increase in tank gage
was found to give the required protection. Using the upper sidewall as an ex-
ample, the combined protection system thickness T,/D was

VD = TML/D + T/? /D = °-05'

where T. .. was the MLI thickness and To was the Beta fiber cloth
ML p

thickness.

For the sidewall, T.../D was 0,024 as described previously. Using one layer

of Style 8116 Beta fiber cloth:

Wg
T0 /D = ^—K- = 0.0273
P

where Wn = weight of one layer of Beta fiber cloth.

The curve To /D = 0.0273 of Figure 1.2-39 was used to obtain a value of
Tj/D. Converting to wall thickness resulted in a tank gage of 0.098 in (0.25cm).
Item 2 in-Table 1.2-37 represents the weights for this approach. The tank A
weight represents the increase from 0.025 in (0.064cm) to 0.098 in (0.25cm).
The weight of an 0.025 in (0.064cm) tank is included in the systems weights.

Entries for one and two layers of Style 15035 cloth are identified as Items 3
and 4 in Table 1.2-37, It can be seen that increasing Beta fiber cloth weight
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with a fixed thickness of MLI reduced tank gage requirements considerably. This
led to an investigation of multiple layers of Beta fiber cloth alone, shown as
Item 5 in the table. The MLI was ignored in this case and an 0.025 in (0.064cm)
tank gage was retained. This was not an efficient approach.

Figure 1.2-39 was also used to evaluate the combination of Beta fiber cloth and
increased MLI thickness. In this case the 0.025 in (0.064 cm) tank gage was
retained, thus T2/D = 0.385 and values of T,/D were obtained for the three
Beta fiber cloth thicknesses. Solving Tj/D = T ./D + T^g /D for T^., minimum
thicknesses of MLI necessary for meteoroid protection were obtained. The thick-
nesses of MLI on the sidewall, lower sidewall and base were then increased to
these values and the weights are reflected in Items 6, 7 and 8 of Table 1.2-37.
The results of this investigation indicated that MLI by itself would be an effi-
cient protection system.

Figure 1.2-38 was used to determine MLI thicknesses necessary to protect the
0.025 in (0.064cm) tanks. Item 9 in the table shows that this was the least-
weight approach investigated at that point. It was assumed that the additional
MLI would contain non-aluminized mylar sheets so that the thermal balance
obtained in the TATE analysis would be retained.

The influence of aluminized mylar sheets throughout the MLI/meteoroid protec-
tion blanket was investigated by means of the TATE program. The minimum MLI
thickness on exterior surfaces was set at 0.33 in (0.84 cm). The program selected
a new optimum weight design, Item 10 of Table 1,2-37, which proved to be
slightly less weight than the approach using non-aluminized shields.

Several other types of MLI were investigated, Items 11 through 17 in the table,
and nearly equivalent weights were obtained. The sliced foam spacer material
offered slightly less weight, but was rejected because of uncertainties in pre-
dicting the thermal conductivity. Item 13 represents a check on the conclusion
that increased MLI was the most efficient meteoroid protection. The analysis was
made with NRC-2 MLI and the second most efficient approach, i.e., Beta fiber
cloth combined with MLI. The original conclusion was proven correct.

An aluminum corrugated shell was evaluated for protection characteristics. Figure
1.2-40 shows curves for aluminum skin and combinations of skin and aluminized
mylar/nylon net MLI. The aluminum skin alone did not provide sufficient pro-
tection for the 0.025 in (0.064cm) tank wall. That curve showed the character-
istic decrease in protection as aluminum thickness was increased above T|/D =
0.1 due to the acceleration of particles fragmented from the skin. A combina-
tion of thin aluminum sheet and MLI was investigated using the curve entitled
TAL/D = 0.027. Solving T]/D = TAL/D + TML/D for TM|_ and TA[_, it was
found that the thickness of MLI required was 0.26 in (0.66cm) and the thickness
of aluminum was 0.002 in (0.005 cm). The aluminum was equivalent to about
0.10 in (0.25cm) of MLI which resulted in greater blanket thicknesses than were
obtained by using just the MLI as the meteoroid protection system.
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A fiberglass laminate corrugated shell was also evaluated. Using the fiberglass
laminate curve of Figure 1.2-41, a value of Ti/D = 0.163 was obtained for
T«/D = 0.385. The equivalent fiberglass laminate thickness for this case is
0.017 in (0.043 cm). The corrugated skin thickness for this design case was
0.029 in (0.074cm). Therefore, the laminate alone provided sufficient protec-
tion. The continuous shell structures resulted in significant weight penalties due
to the basic structure weight.

Two approaches which also appeared promising in the initial vehicle selection
(Table 1.2-27) were variations of the baseline vehicle of Table 1.2-37 with
insulation outside the structure and with one shadow shield between payload and
top deck. These were evaluated for total weight, using increased MLI thickness
to provide meteoroid protection. The results are shown as Items 19 and 20 in
the table. The shadow shield approach provided the least weight, however, the
weight of the shield and attachments was not included.

The concept selected for preliminary design development was Item 10 in the table.
This approach was chosen because it was practical to construct and was one of
the least-weight cases.

Vehicle 1-2B: A similar meteoroid protection evaluation was conducted for this
vehicle. The results are presented in Table 1.2-38. All of the alternatives
used in the analysis of Vehicle 1-14 were investigated with essentially the same
results, i.e., the least overall weight approach to providing meteoroid protection
was to add MLI. However, unlike Vehicle 1-14, it was found very inefficient
to use aluminized shields in the extra MLI. System weights increased signifi-
cantly using aluminized shields, largely due to the additional insulation, helium
and helium bottle weight. The helium and bottle weight increases were attributed
to a higher operating pressure in the oxidizer tank. In addition to the baseline
vehicle alternatives, fiberglass corrugated shell and fiberglass truss structure con-
cepts were evaluated. The fiberglass corrugated construction was not competitive
because of high structure and system weights. An aluminum corrugated shell was
rejected because of poor protection characteristics and higher structure weights.
The fiberglass truss structure with insulation inside and additional non-aluminized
MLI for meteoroid protection was also a least weight approach; however, since
aluminum tubular structure was more commonly used, the latter approach appeared
to be the best choice.

The last four entries in the table show the effects of a shadow shield, exclusive
of the shield weight. The least-weight approach is Item 16, however, when
considering the additional weight of payload supports and shadow shield, Item 10
was the most practical selection.

Vehicle 1-2A: Table 1.2-39 presents meteoroid protection evaluation results.
Since additional MLI was the most efficient means of providing protection, the
study was limited to this approach. MLI inside the structure (Item 3) and a
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fiberglass truss with MLI both inside and outside were evaluated. The concept
chosen was an aluminum truss structure with MLI outside and aluminized shields
in the meteoroid protection blanket.

Vehicle 1-3: Table 1.2-40 shows that the least-weight design was obtained with
the baseline vehicle and additional MLI containing non-aluminized shields. The
concept with MLI inside the structure was competitive, however, the compartment
separation structure was expected to complicate that design.

Vehicle 1-7: The best design in Table 1.2-41 used aluminized radiation shields.
A more comprehensive study of this vehicle was not undertaken because of ex-
cessive total weight.

Vehicle 2-3: The MLI on the sidewall and base of this vehicle was less than that
required for meteoroid protection; therefore, alternative protection approaches were
evaluated. These included: (1) adding Beta fiber cloth and increasing tank gages;
(2) adding multiple layers of Beta fiber cloth, ignoring the MLI; (3) adding Beta fiber
cloth and increasing MLI thickness; and (4) increasing MLI thickness alone. The same
general trends observed for Vehicles 1-14 and l-2Bwere obtained in this analysis.
These were; for (1) above, it was more efficient to increase Beta fiber cloth weight
than tank gage; for (2), multiple layers of Beta fiber cloth were not as efficient
as the combination of cloth and increased tank gage; for (3), minimum cloth thick-
ness with maximum MLI thickness was more optimum; and for (4), increased MLI
thickness was the best approach evaluated. The analysis results are summarized in
Table 1.2-42. Payload support weights were omitted since they were common
to all approaches.

In the initial evaluation of Table 1.2-33 a fiberglass truss structure with insulation
inside also appeared attractive for Vehicle 2-3. Multilayer thicknesses were increased
on this vehicle to provide meteoroid protection and the weight is included in Table
1.2-42. This approach was competitive with the baseline vehicle, however, the more
conventional aluminum structure would be the logical choice. The baseline vehicle
with insulation on the inside was also evaluated and found to be only slightly heavier.
The least-weight case incorporated the use of additional MLI with non-aluminized
shields. This approach was chosen for preliminary design.

Vehicle 2-14: An appraisal of meteoroid protection approaches similar to the one des-
cribed for Vehicle 2^3 was conducted. The results are shown in Table 1.2-43. The
trends indicated are the same as described for Vehicle 2^3 and the least-weight approach
consisted of additional MLI. A fiberglass truss structure with a high payload position was
also evaluated. This approach was only slightly more efficient than the baseline.

Vehicle 2-18: Results are shown in Table 1.2-44. The least-weight case was obtained
with additional MLI with non-aluminized shields. This approach was selected for design.

Vehicle 2-19: The addition of MLI was the only approach considered for this and Vehicle
2-2. The results are included in Table 1.2-45. Non-aluminized shields provided the
least-weight.

219



u
X
UJ

O
LU
X

ô
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Vehicle 2-2: Results of the evaluation are shown in Table 1.2-46. The case
with non-aluminized shields was chosen for preliminary design.

Preliminary Design & Weights

Preliminary design drawings were developed which combined the results of the
vehicle structure and meteoroid protection evaluation with; (1) the selection and
arrangement of internal structural members, (2) tank, engine and plumbing sup-
ports, and (3) configuration of thermal/meteoroid protection blankets, joints and
attachments. Stress analyses were conducted to define member sizes.

The design drawings and discussion of important features are contained in Appen-
dix D of Volume II, NASA CR-121104. The detailed weight statement for each
vehicle is also contained in the appendix.

The chart of Figure 1.2-42 summarizes the weight data for the ten vehicle pre-
liminary designs. The weights represented the entire vehicle and were obtained
from the detailed analysis of the preliminary design drawings described in the
appendix. The most efficient vehicles in terms of maximum payload were 1-14
for LH2-LF2 propellents and 2-18 for FLOX-CH. propellents.

Operational Complexity

The ten preliminary designs were evaluated for their operational complexity,
their sensitivity to accurate prediction of thermal performance, and the degree
of confidence in the structural concept chosen. The evaluations were qualita-
tive in nature.

Operational complexity was considered for prelaunch and flight operations, fab-
rication and assembly, and operational checkout. The charts of Figures 1.2-43
and 1.2-44 show the results for FLOX-CHx vehicles. Only those features which
were considered disadvantages were mentioned, thus the vehicle with the least
comments appeared best. No attempt was made to weigh the disadvantages.

In general, vehicles with multiple tanks rated poorly. Problems of an operational
nature (e.g., propellent management) as well as the increased complexity of
manufacture, assembly and functional checkout were anticipated. The configura-
tion of multiple tank vehicles tended to complicate the insulation design, in-
creasing the number of MLI panel joints and penetrations. As a result, there
was less confidence in making an accurate estimate of thermal performance. The
comments on structural integrity pertained to the impact of a stiffness design
criteria on structure weight. The structure for the vehicle designs was selected
on the basis of steady state loads and no consideration was given to dynamic
excitation or coupling. Vehicles such as those in this study could be expected
to meet certain stiffness requirements and as a result, those with a more complex
structural system would be penalized more than those vehicles with simple struc-
tural arrangements such as 2-18, 2-19 and 2-14.
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The charts of Figures 1.2-45 and 1.2-46 show results for LHL-LFj vehicles.
Those configurations with multiple tanks received the most unfavorable comments,
a fact that was apparent in the evaluation of FLOX-CH, vehicles. The necessity
for isolating fuel and oxidizer compartments with MLI added complexity to the
LHo-LF^ vehicles because fluid lines and in some cases structure penetrated
these blankets. The blanket penetration problem was the most severe in vehicles
with multiple tanks and Mil located outside of the structure. Vehicles with a
more complex structural system, such as 1-2B, 1-2A and 1-3, were expected to
suffer more of a weight penalty if a stiffness design criteria were imposed.

Vehicles 2-18 and 1-14 offered the most promise of achieving the "minimum
operational complexity" objectives of the program.

Vehicle Selection

The tabulation below summarizes the weight and operational complexity ratings
of the ten vehicles.

Vehicle Weight Rating Operational Complexity

1-14 1 Least Complex

1-7 2

1-2B 3

1-2A 4

1 -3 5 Most Complex

2-18 1 Least Complex

2-14 2

2-19 1

2-2 3

2-3 4 Most Complex

For LHo~LF« propellents, the least-weight approach was Vehicle 1-14 and this
was also the least complex. Complexity increased with increasing weight.

The FLOX-CHj vehicles followed the same order with the exception of Vehicle
2-19 which was as weight efficient as 2-18, although more complex. Vehicle 2-18
was more representative of a structure-mounted thermal/meteoroid protection system.

It was concluded that Vehicles 1-14 and 2-18 most nearly met program goals of
maximum payload weight with minimum operational complexity and these were
selected for final design evaluation.
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1.3 Final Evaluation

This phase of the program involved final design definition of Lh^-l̂  and
FLOX-CH4 Vehicles 1-14 and 2-18. Design refinements included minor struc-
tural changes and a more detailed thermal analysis. A weight summary was
prepared. In addition, two analyses were performed to investigate (1) possible
design changes due to variations of the meteoroid velocity function or flux, and
(2) the sensitivity of vehicle weight to variations in the mean apparent thermal
conductivity of MLI. A tank mounted MLI design was also prepared and com-
parisons were made with Vehicles 1-14 and 2-18.

1.3.1 Final Design Development

Vehicle 1-14: The finalized design drawings for this vehicle are shown in
Figures 1.3-1 and 1.3-2. The structural detail drawing, Figure 1.3-1, reflects
changes to the upper bay structure. The truss members were changed to connect
directly from the mid-body ring to the pay load. Fiberglass was selected for
these members, typical of all payload supports, and new sizes were determined
based on the increased length and material properties. The upper body ring of
the preliminary vehicle design was eliminated.

The primary electrical leads were added in Figure 1.3-1, as well as the valve
actuation pressurant lines. A wiring diagram of the NASA/LeRC Research Pro-
pulsion Module was used as a guide in determining the type, quantity and
location of electrical leads for a flight vehicle.

Some insulating details were changed in preparation of the final designs. These
were the longitudinal panel joint, the junction of sidewall and compartment
separation blankets and the conical base blanket. Details of fluid line and
tank support penetrations were also added in Figure 1.3-2.

Several panel lace joint specimens were fabricated to aid in selection of the
final configuration of longitudinal splice joint. Two types of joints, scarf and
shiplap, were investigated. The shiplap joint was found to give the best closure.
Diagonal lacing as shown in the preliminary design was unnecessary, instead a
tie across the joint at 4-inch intervals was adequate. The joint was held in
alignment by the X-850 film laminate. The laminate overlapped the joint on
both sides and served as a guide during assembly. An external gap of 0.10 in
(0.25cm) indicated that the shiplap joint was in the correct position.

The final design of this vehicle removed the plumbing support members which
were located in the compartment separation plane. This in turn eliminated the
means of supporting the compartment separation MLI blanket. It was decided to
add an attachment ring to the mid-body structural ring which necessitated splitting
the upper sidewall insulation blanket at several locations to effect a lap joint.
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The conical portion of the base blanket was changed to a laced joint rather
than the Velcro fastened scarf joint of the preliminary design. The flat base
blanket was then split at the edge in two locations to accommodate the propel -
lant feed lines. This cut would be closed by hand stitching after the blanket
was installed. This same technique would be employed for the upper sidewall
blanket to allow installation aroundthe LF2 vent line.

Vehicle 2-18: A slight increase in vehicle diameters, 2.20 in (5.6cm), was
necessary to improve the clearance between the truss mounted MLI and the tank.
The FLOX feedline outlet was also moved from the sidewall of the tank to the
bottom to eliminate MLI and payload support interference. Figures 1.3-3 and
1.3-4 present the final design drawings.

Insulating details remained essentially the some as the preliminary design concept
for the conical base blanket. This was changed to two blankets, one conical
and one flat, with a joint at the engine mount ring. The base portion would be
installed around the propel lant feedlines by reaching through the conical engine
thrust structure. The conical blanket would be applied last. The zipper joint
in the conical portion would provide access to the interior for final fit-up.
Figure 1.3-4 incorporated MLI penetration details at tank supports and fluid lines.

1.3.2 Thermal Analysis

The final design analyses were relatively complex compared to the preliminary
design analyses. Each of the struts in the vehicle truss and engine support
structure were modelled, accounting for conduction and radiation to surrounding
surfaces. These struts were "smeared" into a shell for the preliminary design
analysis. Additional refinements in the final design analysis were wiring con-
ductors, MLI lateral conductors, and circumferential heat transfer in the structure.
Approximately 80 nodes and 150 conductors were used to analyze the 2-18
vehicle and 135 nodes and 235 conductors to analyze the 1-14 vehicle.

The thermal analysis node and conduction networks for the 1-14 design are shown
in Figures 1.3-5 and 1.3-6. Figure 1.3-5 shows the structure, plumbing and
wiring conductors, and Figure 1.3-6 shows the MLI conductors. In addition to
the conduction network, 531 radiators were used to model the radiation from the
solar panels and payload to the propulsion vehicle, between nodes on the vehicle
(both externally and internally), and reradiation to space.

As shown by Figure 1.3-5, the structure was modelled to permit radiation and
conduction in the circumferential direction, as well -as in the longitudinal direc-
tion. The MLI nodes were assumed to be full 360° segments, so that circum-
ferential temperature gradients in the insulation were suppressed. The results
showed that, with a few exceptions, the circumferential gradients in the struc-
ture were small. For instance, the mid-body ring temperature varied from a
minimum of 154.8°R (86°K) to a maximum of 156.7°R (87°K), with the extremes
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180°R (100°K) apart. The upper fiberglass struts varied about 6°R (3.3°K) ex-
cept near the fluorine vent which was 40°R (22°K) cooler than other nodes with
similar location. The relatively small circumferential gradients in the structure
were believed to justify the approach used for the MLI.

Figure 1.3-7 shows the temperature distribution on the MLI surfaces and compares
the results to the temperatures obtained in the preliminary design analysis. The side-
wall MLI temperatures showed a step change at the lap joints. The preliminary
design analysis temperatures were reasonable approximations of the more detailed
analysis, except for the upper sidewall. Conduction from the warmer MLI on
the top deck was the probable reason for the discrepancy on the upper sidewall.
This conduction was not included in the preliminary design analysis.

The results of these analyses were used in the TATE (Tank Arrangement Thermal
Efficiency) program to derive system weights for tanks, MLI, propellent vapor,
helium and helium tank for the final designs. The output is presented in Table
1.3-1. For Vehicle 2-18 additional MLI with non-aluminized shields, up to a
thickness of 0.27 in (0.69cm), would be necessary to obtain meteoroid protec-
tion. This additional MLI would be on the sidewall and bottom of the vehicle.

The table also shows the system weights for those two vehicles prior to the
final thermal analysis. The weight differences between the preliminary and final
analyses were slight. Actual MLI blanket areas were used in the final analysis
as opposed to the preliminary analysis where vehicle centerline dimensions were
used to calculate areas. This accounts, in part, for a decrease in Vehicle 1-14
weight, whereas the MLI thicknesses increased.

1.3.3 Weights

A weight analysis of the two vehicle final designs was prepared. The results
are summarized in Table 1.3-2. In each case the total hardware weight in-
creased slightly from the preliminary design. The increases were due largely to
inclusion of the electrical system components and more definition of the pneumatic
control system. Tables 1.3-3 through 1.3-7 give the weight breakdown. The
final comparisons are shown below:

Mass Fraction

/ WP \

\wi + V.

Pay load Weight Lb (kg)

FLOX-CH4

Vehicle 2-18

0.86

4642
(2110)

LH2-LF2

Vehicle 1-14

0.81

4791
(2180)
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Table 1.3-2: FINAL EVALUATION VEHICLE WEIGHTS

VEHICLE CONFIGURATION NO.

TYPE PROPELLANT

STRUCTURES

Primary Structure
Secondary Structure
Payload Support

THERMAL SYSTEM

Primary Components
Secondary Insulation A Weight
Protection A Weight

PROPULSION SYSTEM

Engine
Fuel System
Oxidizer System
Pneumatic Control
Pressurization ^ Weight

ELECTRICAL

Cable
Connectors

£> Pressure Switch &
Distribution Plate

Supports

TOTAL HARDWARE

PROPELLANT

TOTAL SYSTEM

1-14

LF2/LH2

Ib
(147.9)

47.7
69.5
30.7

(94.8)

82.2
12.6

(284.8)

108.0
62.5
71.8
21.4
21.1

(11.0)

3.3
1.7
5.0

1.0

539.0

2170.0

2709.0

kg
(67.1)

21.6
31.5
13.9

(34.6)

28.9
5.7

(129.2)

49.0
28.3
32.6
9.7
9.6

(5.0)

1.5
.8

2.3

.5

235.9

984.3

1220.2

2-18

FLOX/CH4

Ib
(86.1)

29.5
29.4
27.2

(62.3)

50.5
8.9
2.9

(257.6)

108.0
44.2
71.1
19.3
15.0

(12.0)

3.9
2.0
5.0

1.1

418.0

2440.0

2858.0

kg
(39.1)

13.4
13.3
12.3

(28.3)

22.9
4.0
1.3

(116.8)

49.0
20.0
32.3
8.8
6.8

(5.4)

1.8
.9

2.3

.5

189.6

1106.8

1296.4

|T> Included in Primary Thermal System Components

Weight Allowance Only
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-î
.0u_

TJ
t)

c
§

< £

If

«1£ J£

A*

243



oo

U

Z)
LU

Z
Q_

^f
x
u
X

u_

CM

_J

^CM

1—

S

s
n
O£
O.

00

1
CM

•o-
1

Z
o
i
D
0
u_
7
O
u

rn
-*

n

ni

-Q

m

n

00 OO Qt 00 OO
00 -O — O -O

CO — CM O O
• • • • •

o> m •* in in

in m rx — m — co fx m o- CM -o
• " C O O — O — O O O — C I O

o o MO m — ^t ix -o o — o ro
o — — CM — CM o — — •* rx —

fx, rx o «o o- rx
<£. rx CM o- •<»• •*•

^ O •«»• ^ CO CO
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1.3.4 Meteoroid Protection Sensitivity

Vehicle configurations 1-14 and 2-18, were investigated for possible design
changes caused by variation of the velocity function or meteoroid flux. Since
MLI had been determined the best form of meteoroid protection, the design
changes consisted of variations in MLI thickness and thus in vehicle weight.

The discussion in Appendix C explains how meteoroid protection design curves
were obtained from laboratory tests using polyethylene projectiles (sp. gr. .95)
at velocities about 8 km/sec. These curves related protection system thickness
and depth of penetration, but the test parameters did not include projectile
density and velocity. Since meteoroids have high velocities, and also are be-
lieved to have low density, for instance 0.5 gms/cc, the effect of the parameters
was obtained from other sources. The effect of density (p ) was studied by
Arenz (Reference 1.3-1) and velocity (V) by N/smith (Reference 1.3-2) and
others. The effect of these parameters has been presented as affecting the total
material thickness (T) normalized to the projectile diameter (D). These separate
functional dependencies were combined as:

Fl (P] F2(V)

The procedure related the model meteoroid environment to an equivalent environ-
ment consisting of polyethylene particles travelling at 8 km/sec. Since the total
thickness of shielding and tank wall were the same for either environment, the
diameter of the test projectiles was related to that of the meteoroids by the pre-
ceding equation giving:

^M fl (PT
) F2'V

T '
DT F1«VF2<V

Where subscript M and T refer to the meteoroid and test projectiles respectively.

The masses were related by

"T
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The differential flux in the velocity range A V was

AN := Nl MM~a f <V AV

where f(V..) was the velocity distribution of meteoroids in the absence of
Earth's fiefd. Using equation (3) and integrating over velocity

2 (V ) / v M' V • v '

From Reference 1.3-1, the density function was reduced to

F I \~~> ^-° /i\

hence

.968

= .537 (7)

where « = 1.21. From Reference 1.3-2 the velocity dependence for V
greater than 8 km/sec, was:

F2 (V) « V^ (8)

where /3 = 0.182, consequently

/F (V ) \3" /V X'6 6 1

VM >8

(VT)
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By numerical integration

/%/ . 3a

f(V.,) d = 1.449 (10)
M v

From equation (5) the equivalent flux adjusted for density and velocity then
became for near-«arth orbit,

N = .778 Nj M~a (11)

In addition, the flux and relative velocity of impact varied with distance from
the sun as discussed in Appendix C of Volume II, NASA CR-121104. For this
study, the flux variation in the Earth-Mars region was selected such that Y= -2.
From Figure C-7 of Appendix C the average flux factor was

=

Equation (10) provided an average velocity V.. for impact in shielded structure,
since by definition

or

-£- = ]-753

Also from Figure C-7 of Appendix C the average velocity function was

- .'075 (,5>

Hence averaged over the mission time

= 1.753 x .9075 = 1.591 (16)
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and the quantity in equation (13) became

/Vu \3a/3
(-T-) - ''359 (17)

The equivalent flux averaged over the mission using equations (5), (7), (12) and
(17) was then

N = .46 M (Meters)"2 (Sec)"1 (18)

where log N. = -14.2.

The probability of no failure was

-NAt
(19)

where t = 1.8 x 10 sec and A was the effective exposed area of the tanks,
taking into consideration the view factors of each region. With P = .999 the
equivalent test projectile mass MT was then computed using equations (18) and
(19). Using the density of polyethylene the spherical diameter of the design
projectile was computed for each vehicle.

To determine the sensitivity of the design to different models of the environment
in the solar system and to the velocity dependence of impact, i.e., to the
values of /3 and Y , the above calculations were repeated for various values
of ^ and y . For Vehicle 1-14 the results are:

P = 0.999
o

PROJECTILE DIAMETER

7^<
-2

-.362

+3

0

.0591 in (0.15cm)

.0655 in (0.17cm)

.0858 in (0.22cm)

.182

.0644 in (0.16 cm)

.0709 in (0.18 cm)

.0920 in (0.23 cm)

.667

.0921 in (0.23 cm)

.1008 in (0.26 cm)

.1273 in (0.32cm)

For Vehicle 2-18 the results are:

-2

-.362

+3

.0405 in (0.10cm) .0540 in (0.14 cm)

.0595 in (0.15 cm)

.0768 in (0.20 cm)

.0768 in (0.20 cm)
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Conversely, for a given design, that is, a fixed projectile mass My and vari-
able flux N, equation (19) gave the dependence of PQ on the values of ft
and Y . The results of this computation are shown in Figure 1.3-8.

A 0.999 probability of no failure was established for the analyses of this pro-
gram. Using the meteoroid diameters tabulated above, the weight of multilayer
which was added to obtain protection was calculated. These weights were
normalized to the final vehicle designs and the results are shown in Figures
1.3-9 and 1.3-10. In the case of Vehicle 1-14, this approach was not exactly
correct because the additional multilayer was assumed to have non-aluminized
shields. The final vehicle design employed aluminized shields and thicknesses
were derived by means of the thermal optimization program. In that program,
insulation blanket thicknesses were allowed to optimize above the minimum re-
quired for meteoroid protection.

It was concluded that overall weight of both of these vehicles was relatively
insensitive to the variations in meteoroid flux and velocity studied. This was
particularly evident when it was realized that the meteoroid protection weight
represented approximately 1% of the total inert weight of both vehicles.

1.3.5 Thermal Conductivity Sensitivity

An analysis was made to determine the sensitivity of vehicle weight to variations
in mean thermal conductivity of the MLI. The insulation conductivity equation
of Table 1.1-3 (k = k (T* + Tf) (Tj + TZ) + kc (Tj + T2)) was used. The
radiation and conduction constants (k and k ) were varied to determine the

r C
effect on tank weight for Vehicle 1-14. Tank size, propellent mass and MLI
thicknesses were fixed at the values selected for the final design of this vehicle,
thus higher heat transfer through the MLI would result in higher final pressure
and a greater tank wall thickness.

The results of this evaluation are shown in Table 1.3-8. Fuel tank gages in-
creased slightly when the conduction constant was increased. Changes in the
radiation constant had negligible effect on tank gages. Oxidizer tank gages
obtained In this study were below the minimum. In the worst case tank weight
was increased by 1.8 Ib (0.8kg) which had a negligible effect on vehicle total
weight. In all of the study cases there was some ullage space remaining at
the end of the mission.

1.3.6 Tank Mounted MLI Comparison

The tank mounted MLI design configuration is shown in Figure 1.3-11. The
LhU tank of Vehicle 1-14 was used to illustrate the concept. Designs for the
LF2 tank and for Vehicle 2-18 tankage were similar.
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Velcro Pile Bonded to Tank

,, „„ .25"Holes
41-3 in MLI

(Typ) Along

Nylon Retainer
Approx. 8" on

Ctrs. (Typ)

SECT. A-A
TYP. GORE JOINT

Hot Formed Head

Nylon Washer 28'

One Layer X-850
Film Laminate

Hot Formed
Head

Q.5Q"-

5 Panels
(typ)

1st Layer

-.25" Dia.
X.02" Wall

Nylon Studs Bond to Tank

1.00" Wide
Velcro

23 AIM Layers
24 Nylon Net Layers

Typ.

Figure 1.3-11:

TANK MOUNTED THERMAL/METEOROID PROTECTION DESIGN

SECT. B-B
TYP. INSUL. RETAINER
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The Mil blanket was divided into two thicknesses, each supported by one X-850
layer. Nylon pin retainers were used to fasten the MLI assembly to the X-850
laminate. Net layers would be formed to the tank contour. The radiation
shields would be cut and taped along the edges to conform to the tank curvature.
The adjoining panels would be butted together and the outer panel layer offset
slightly to cover the butt joints.

Hollow nylon studs were used to attach the panels to the tank at discrete points.
Nylon washers would hold the outer-most panel in place on the studs. The
abutting joints of the inner panel layer would be held to the tank with Velcro
tape. The outer panels would be secured to the inner panels along the edges
with Velcro tape.

The meteoroid protection system chosen was additional MLI. Meteoroid protec-
tion requirements were determined from the design curve of Figure 1.3-12. The
technique was described in Section 1.2.3. This curve was developed from
impact tests with the MLI directly against the witness plate (spacing = 0). The
thickness of 15 gage mylar alternated with nylon net necessary to provide ade-
quate protection for Vehicle 1-14 tankage was 0.64 in (1.63 cm), and for
Vehicle 2-18 was 0.52 in (1.32cm). The insulation blanket would contain some
aluminized mylar layers to meet thermal protection requirements. A thermal
balance analysis to obtain the exact number of aluminized shields was not per-
formed.

The weights of vehicles with structure mounted and tank mounted thermal/mete-
oroid protection are compared in Table 1.3-9. There were only slight weight
differences between these two approaches.

x

In Table 1.3-9 the total weights of thermal system components for the tank
mounted insulation system are slightly less than for the structure mounted con-
cepts largely due to the elimination of MLI lap joints and fiberglass support
rings in the tank mounted system. The MLI was considerably thicker for tank
mounted than for structure mounted designs. However, surface areas were less
for the tank mounted designs and the net effect was a negligible change in
MLI weight. For Vehicle 1-14 a weight reduction of 7 Ib (3.2 kg) was ob-
tained for tank mounted MLI. For Vehicle 2-18, tank mounted MLI increased
the weight by 0.5 Ib (0.23 kg). These insulation weight differences are unim-
portant in light of total system weights approximating 2700 Ib (1225 kg). Although
a thermal balance analysis was not performed for the tank mounted designs it is
believed that the blanket thicknesses derived for meteoroid protection are more
than adequate for thermal protection.

i

The weight breakdown for the tank mounted design is the same as shown in Tables \
1.3-3, 1.3-5, 1.3-6 and 1.3-7 for structure mounted MLI. Table 1.3-10 shows
the secondary insulation weights for the tank mounted design.
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2.0

1.6

1.2

|T2/D
I—

O
LU
N .8

O
Z

.4

0.1

Aluminized-Mylar & Nylon Net
(Tank Mounted)

0.2 0.3

T/D

NORMALIZED PROTECTION SYSTEM THICKNESS

Figure 1.3-12: METEOROID PROTECTION DESIGN DATA- TANK MOUNTED MLI
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Table 1.3-9: VEHICLE AND TANK MOUNTED MLI WEIGHT COMPARISONS

VEHICLE CONFIGURATION NO.

TYPE PROPELLANT

STRUCTURES

Primary Structure
Secondary Structure
Pay load Support

THERMAL SYSTEM

Primary Components
Secondary Insul. A Weight
Protection A Weight
Insulation & Protection

PROPULSION SYSTEM

Engine
Fuel System
Oxidizer System
Pneumatic Control
Pressurization A Weight

ELECTRICAL

Cable
Connectors

U> Pressure Switch & Distr. Plate
Supports

TOTAL HARDWARE

PROPELLANT

TOTAL SYSTEM

MASS FRACTION

PAYLOAD

VEHICLE MOUNTED
INSULATION DESIGN

1-14

LF2/LH2

Ib
(147.9)

47.7
69.5
30.7

(94.8)

82.3

12.6
|£>

—

(284 8)\fc*x -• . w/

108.0
62.5
71.8
21.4
21.1

( n.o)

3.3
1.7
5.0
1.0

539.0

2170.0

2709.0

ka

( 67.1)

21.6
31.5
13.9

(43.0)

37.3

5.7

—

(129.2)\ • ~* ' • "•/

49.0
28.3
32.6
9.7
9.6

( 5 0)\ **• V7

1.5
0.8
2.3
0.5

245.0

984.3

1230.0

0.81

4791 2173

2-18

FLOX/CH.
4

Ib

( 86.1)

29.5
29.4
27.2

( 62.3)

50.5
8.9
2.9
—

(257.6)

108.0
44.2
71.1
19.3
15.0

( 12.0)

3.9
2.0
5.0
1.1

418.0

2440.0

2858 0

kq

( 39.1)

13.4
13 3• v 9 v

12.3

( 28.3)

22.9
4.0
1.3
—

(116 8)\ ' ' v» w/

49.0
20.0
32.3

8.8
6.Q

( 5 4)\ *^ • * /

1.8
0.9
2.3
0.5

189.6

1106.8

1296.4

0.86

4642 2106

TANK MOUNTED
INSULATION DESIGN

1-14

LFj/LHj

Ib
(147.9)

47.7
69.5
30.7

(82.2)

^6.6
7.1
—

18.6
(284.8)

108.0
62.5
71.8
21.4
21.1

( n.o)

3.3
1.7
5.0
1.0

526.0

2170.0

2696.0

kg

( 67.1)

21.6
31.5
13.9

(37.31

^25.7
3.2

8.4

(129.2)\ • "• * • * /

49.0
28.3
32.6
9.7
9.6

( 5 0)\ *'•*'/

1.5
0.8
2.3
0.5

238.6

984.3

1222.0

0.81

4804 2180

2-18

FLOX/CH.
4

Ib

(86.1)

29.5
29.4
27.2

(55.3)

B>
42.3
4.3

8.7

(257.6)\ ** /

108.0
44.2
71.1
19.3
15.0

(12.0)\ • /

3.9
2.0
5.0
1.1

411.0

2440.0

2851.0

Kg

( 39.1)

13.4
13.2
12.3

( 25.1)

^9.2
2.0

3.9

(116.8)\ » • **/

49.0
20.0
32.3
8.8
6.8

( 5.4)

1.8
0.9
2.3
0.5

186.4

1106.8

1293.2

0.87

4649 2109

Included in Primary Thermal System Components |f> Weight Estimate
* (Including MLI)

B> Excluding MLI
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2.0 TASK II -EXPERIMENTAL EVALUATION

Experimental programs were conducted in three areas. These were: (1) meteoroid
impact tests, (2) thermal performance and launch environment tests, and (3) full
scale mockup fabrication. The following sections describe the tests, analysis of
results, and correlation with analytical predictions.

2.1 Meteoroid Impact Testing

Discussion in this section covers the derivation of the penetration criteria, a
description of the tests and development of design curves, and the results of the
final design proof tests. A description of the meteoroid environment, the earth -
mars trajectory used in the study, and the entire quantity of design curves are
contained in Appendix C of Volume II, NASA CR-121104.

2.1.1 Tank Wall Penetration Criteria

A threshold of spall criteria was initially adopted for assessing tank wall damage.
However, tests indicated that penetrations « 50 to 80% of the thickness could
occur with no spoliation from the witness plate which represents the tank wall.
There was concern that the tank would be unable to perform its assigned function
after suffering this type of damage.

An experimental investigation was conducted with 0.025 in (0 ;064cm) thick
2219-T6E46 aluminum sheet with flaws 30%, 60% and 90% of the thickness. The
results are shown in Figure 2.1-1. The data was plotted in terms of initial flaw
depth-to-thickness ratio, (a/t), versus stress at which the flaw was observed to
penetrate the thickness. It was seen from this figure that growth through the
thickness occurred at yield strength for an initial flaw approximately 65% deep.
The allowable initial flaw would have to be less than this value. If it was
conservatively estimated that the effective threshold stress intensity for the applic-
able tank environments was 85% of critical, and that the line depicted in
Figure 2.1-1 represented a critical condition, then safe sustained vessel life up
to yield strength was guaranteed if meteoroid damage was limited to 53% deep
penetrations. The allowable meteoroid penetration was thus set at 50% maximum.

2.1.2 Design Curve Derivation

The effect of spacing (S) between the meteoroid shield and the tank wall on the
performance of meteoroid shields had been studied extensively. Boeing has in-
vestigated the effect in aluminum and fiberglass cloth meteoroid shield experiments.
Another example is given in Reference 1.3-1. A general conclusion was that for
relative spacings greater than S/D = 30, where D was the spherical meteoroid
diameter, there was little increase in performance of aluminum meteoroid shields.
With Beta fiber cloth shields there was still some improvement up to about S/D = 55.
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The designs of propulsion vehicles for this study indicated a spacing of about 4
to 6 inches (10.2 to 15.2 cm) between the meteoroid protection system and the
propellent tanks. A representative design meteoroid diameter was .06 to .07 in
(0.15 to 0.18cm), therefore a lower limit for the design vehicles was S/D-^55.
The projectile used in the tests was a 3/32 in (0.25cm) diameter by 3/32 in
(0.25 cm) long polyethylene cylinder. The equivalent spherical diameter of this
projectile was 0.11 in (0.28cm). To maintain the S/D = 55 relationship for the
equivalent test environment of polyethylene projectiles traveling at GZ 8 K/sec,
a spacing of 6 in (15,2 cm) was required.

Cylindrical projectiles with random attitudes at impact gave random damage pat-
terns. Cylindrical projectiles were used because they were economical to launch
and were believed to produce more representative damage as explained in Appen-
dix C. Random damage required statistical analysis of a large quantity of data.
Typically, four to six test shots were made with one thickness of meteoroid pro-
tection system, T-i. The arithmetic mean value was determined and a 30 value,
which was a RMS of the deviation from the mean, was calculated. Development
of a design curve required testing of two to four thicknesses of meteoroid pro-
tection system. The test results were evaluated by measuring penetration depth
of the witness plate, P, and doubling the value to obtain To, the minimum tank
wall thickness. The meteoroid protection system thickness, Ti, was expressed in
an equivalent thickness of aluminum and ^r P ar|d TJ were normalized to test
projectile diameter D to construct the curve of Figure 2.1-2. The curve
labeled 30 was used in the design evaluation described in Section 1.2.3. The
meteoroid impact experiments included over 350 valid shots. A valid shot was
one which exceeded 23,000 feet/sec (7 km/sec). A total of 74 design curves
were developed from the data. These are discussed in Appendix C.

The tank mounted meteoroid protection system which was evaluated was MLI.
Twelve data points were obtained to develop the design curves of Figure 2.1-3.
The MLI was located directly against the witness plate (S/D = 0) in these tests.
This curve is displaced to the right of the curve of Figure 2.1-2, resulting in
a greater protection system weight per unit area, for equivalent tank wall thick-
ness. For the values of T2/D of interest, the required protection system thickness
was about double. The 30 curve of this figure yielded a conservative design
because it was displaced further to the right than a curve drawn through the
exact 30 values at Ti/D = 0.102 and 0.205. The curve was drawn this way
because there was limited data and it was believed the shape should resemble
that of Figure 2.1-2.

When experimental penetration data for a particular shielding material was
normalized to the projectile diameter, the resulting curve could be used directly
for a range of projectile sizes and material thicknesses. However, when two
materials such as Beta fiber cloth and NRC-2 were combined, a family of curves
was required to represent various combinations of thicknesses. To obtain such
data directly would have required a prohibitively large experimental program.
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It had been anticipated that the test projectile and the design meteoroid would
be close enough so that test data obtained with, for example, one layer of Beta
fiber cloth and various thicknesses of MLI could have been used directly. How-
ever, the test projectile was #z 50% larger than the design meteoroid, conse-
quently, scaling was required. In addition, it was desirable to be able to
consider a range of combinations. For this purpose a formula was obtained for
generating curves for additional combinations as well as for those tested directly.

The formula gave essentially an interpolation. It was not based on the physics
of the impact phenomena, but did check the experimental results for those tests
which were run with combinations. The curve for a given shielding material
was represented by a function

where t = Ti/D, the normalized thickness of the shield. The curve for another
material was represented by

T/D = f£ (t) (2)

It was desired to combine these in various proportions. The combined thickness
of the two was

t = t < * + * 0 (3)

The penetration formula for the combined shielding materials was

T2

f a (t) t f (t) (4)

Note that this formula satisfied the necessary end conditions. For instance, if
to = 0, Equation (4) reverted to the Equation (1) and, if Equations (1) and (2)
were identical, then Equation (4) again reverted to Equation (1) or (2).

Figure 2.1-4 shows the arithmetic mean value curves for Beta fiber cloth alone,
NRC-2 alone, experimental points for the combination, and a curve obtained by
Equation (4). The configuration represented in the figure was for Beta fiber cloth
in front of the NRC-2, i.e. the cloth received the initial impact. The agree-
ment was very good in this case. This was also true for other combinations of
NRC-2 and single sheet materials. These were well behaved materials. How-
ever, nylon net was not so well behaved and the agreement was not so good in
Figure 2.1-5. This was probably statistical and further data could have brought
closer agreement. For the purpose of generating design curves, the formula was
used however, since it gave conservative results.
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Most of the data had considerable scatter, and following a conservative design
practice, 3o was added to the mean values. This was straightforward when
only one material was being considered. However, when combinations of materials

were tested, the resulting scatter (i.e., 3o) might not be consistent with that of
the separate materials. For those combinations where test results were available,
3a was computed and added to the interpolated mean value as in Figure 2.1-6.
Two thicknesses of Beta fiber cloth are shown in that figure. The results fell

outside of the 3<J curves of the separate materials. This was not a paradox but

reflects the fact that the scatter in the test results of the combined materials was
larger than that of the separate materials. While this may have been only
statistical in some cases, it appeared to have some physical basis In others.

For combinations of materials where the MLI was in front of the structural skin,
for example Figure 2.1-7, the curve had to drop to zero with the same final
slope as the MLI alone, but displaced to the right by the added thickness of skin.
The skin alone point had to start on the skin alone curve. The intermediate
portion of the curve was adjusted to conform to combined MLI/skin or bumper/

MLI/skin test data.

2.1.3 Final Design Proof Tests

The finalized thermal/meteoroid protection systems of Vehicles 1-14 and 2-18
were tested to verify design adequacy. The protection system for both vehicle
designs was MLI consisting of .15 mil double aluminized mylar shields and nylon
net spacers. The distance between the MLI blanket and the propellent tanks
was approximately 4.00 in (10.2cm). The design meteoroid diameters for Vehicles
1-14 and 2-18 were 0.065 and 0.054 inches (0.17 and 0.14cm), respectively.

The value of normalized tank wall thickness (T2/D) was about the same for both

vehicles. Using the 30 curve of Figure 2.1-2 a value of Ti/D = 0.098 was
obtained for the typical normalized protection system thickness in terms of alumi-
num. Solving for the test thickness of MLI as described in Section 1.2.3:

T/D x D x PA1||MI ALUM --. ,. .,/
T. = = 39 shield/spacer pairs

1 WMLI

where D was the diameter of the test meteoroid, 0.110 in (0.28cm).

Spacing between the meteoroid protection system and the witness plate (simulated
tank wall) for Vehicles 1-14 and 2-18 was 6.7 in (17.0 cm) and 8.0 in (20.3 cm),

respectively. These values were derived from the relationships of S/D = 4/. 065

= 61 and S/D = 4/.054 = 74, where the diameter of the test projectile was used.

A total of 45 valid shots were made. Twenty-four shots were made for Vehicle
1-14 and twenty-one for Vehicle 2-18. The shots were made with the projectile
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direction of impact normal to the target surface (0 ) and with the target rotated
30°, 45° and 60°. The table shows the distribution of shots.

Vehicle Vehicle
2-18 1-14

7 at 0° 9 at 0°

5 at 30° 5 at 30° ^fl Target

5 at 45° 5 at 45°

4 at 60° 5 at 60° , ,
Projectile
Trajectory

The test results were analyzed using the 50% maximum tank wall penetration
criteria. The most severe damage resulted from the 0 impact angle tests. The
data points for these sixteen test shots were plotted on the meteoroid protection
design curve of Figure 2.1-8. All of the points fell below the 30 design
curve, thus the system provided the necessary degree of protection.

The meteoroid protection design study discussed in Section 1.2-3 had required
extrapolation of the Figure 2.1-8 curve to obtain the needed values of Ti/D
> 0.092. This extrapolation is shown as a dashed line on Figure 2.1-8. The

proof test data was used to correct the curve between T,/D = .092 and .098
as shown by the solid line in the figure. There was only a slight change.

Some photographs of typical meteoroid damage are shown in Figures 2.1-9
through 2.1-17. Target angles of 30 , 45 and 60 are shown in Figures 2. 1-9,
2.1-10 and 2.1-11. Three different impacts at 0° target angle are shown in
Figures 2. 1-12, 2.1-13 and 2.1-14. The witness plate damage, respectively,
is shown in Figures 2.1-15, 2.1-16 and 2.1-17. Figures 2.1-15 and 2.1-17
represented the least and greatest damage obtained in the tests and Figure 2.1-16
was an example of median damage.

2.2 Thermal Performance and Launch Environment Testing

A series of tests were performed to evaluate the combined thermal/meteoroid
protection design concept. The series consisted of boiloff tests with LIsU and
LHo and structural tests to simulate the launch environment. The test part was
modelled to represent an aluminum truss structure vehicle with MLI mounted on
the interior.

2.2.1 Test Program

The program schematic is shown in Figure 2.2-1. The first three tests determined
heat transfer rates through the modelled MLI system with different sets of boundary
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Figure 2.1-10: PROOF TEST SAMPLE,
VEHICLE 1-14

Figure 2.1-11: PROOF TEST SAMPLE,
VEHICLE 1-14

Figure 2.1-12: PROOF TEST SAMPLE,
VEHICLE 2-18

Figure 2.1-13: PROOF TEST SAMPLE,
VEHICLE 1-14
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Figure 2.1-14: PROOF TEST SAMPLE,
VEHICLE 2-18

Figure 2.1-15: WITNESS PLATE DAMAGE

Figure 2.1-16: WITNESS PLATE DAMAGE Figure 2.1-17: WITNESS PLATE DAMAGE
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temperatures. The temperature combinations were selected to represent heat trans-
fer from the payload to the LhU tank, from the payload and solar panels to the
LF« tank, and from the lower vehicle sidewall to the Lt^ tank. The test cryo-
gens were Lr-L and LNL. The latter was used to represent LF«. The warm
boundary was established with heated water which was circulated through a
thermal shroud surrounding the test article.

The purpose of the first three tests was to establish baseline heat flow values
which could be used for further assessment of thermal performance as testing pro-
gressed.

The next three tests exposed the test article to the vibration, acoustic and accel-
eration environments typical of a Titan 3D-Centaur launch. These experiments
were performed in series so that a visual appraisal of damage and identification
of critical test environments could be made. The order of the test series is de-
fined numerically in Figure 2.2-1. The loads were applied to the aluminum
framework by attachments at both ends of the cylinder. The test environment
was obtained from Martin Titan III study documents, MRC 67-332 and MRC 68-62
and from a Boeing document, D2-116032-4.

The fourth thermal test (T-4) was a repeat of T-l. The purpose was to deter-
mine thermal performance degradation, if any, after the launch environment tests.
Launch depressurization was simulated as nearly as possible at the beginning of
this test by rapid pumpdown of the chamber. Figure 2.2-2 shows a comparison
between the empty chamber pumping speed and the depressurization rate typical
for the launch vehicle.

The results of the fourth thermal test became the new baseline for further thermal
performance comparisons. The quantitative effects of the structural tests were
determined by comparison with T-l test results.

The fifth thermal test was an evaluation of a fiberglass tank support strut and
MLI penetration. The test article was modified by adding the fiberglass strut
while minimizing disturbance of the adjacent MLI. A resistance heater was in-
stalled on the warm end of the strut attachment as an aid to maintaining thermal
equilibrium of the aluminum trusswork frame. The heat flow increment due to
the strut and penetration was derived by comparison with T-4 test results.

The sixth and seventh tests comprised an evaluation of the fiberglass strut tank
support and a stainless steel fluid line and line penetration. The fluid line was
added to the test system and a resistance heater installed at the outboard end.
Test T-6 was conducted with LhL and test T-7 with L^. Comparisons could
then be made with tests T-l ana T-2 for determination of the cumulative effects
of structural loads and strut and fluid line modifications for two propellents.
The results of test T-6 could be compared with test T-5 for an evaluation of
the fluid line heat leak.
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The eighth test modified the MLI to include a lap joint similar to those used at
the top deck to sidewall junction of the final designs. The thermal shroud base
was isolated from the sidewall section so that two warm boundary temperatures
could be used. The base was controlled to a higher temperature than the side-
wall to represent the thermal environment of the flight vehicles. The objective
of this test was to evaluate the cumulative effects of line penetrations and MLI
joints in a thermal environment approximating the flight environment.

2.2.2 Test System Description

Boiloff Test System
- • - •

Boiloff tests were conducted at Boeing's Tulalip Test Site, Area 8 -Pad 1. A
photograph of the major components at the site is shown in Figure 2.2-3. Figure
2.2-4 is a schematic of the system.

Tests were conducted in a cylindrical, aluminum vacuum chamber 8 ft (2.4 m)
in diameter by 7ft (2.1 m) long. An NRC vacuum pumping system comprised
of a rotary gas ballast roughing pump, Type 100S, with a pump speed of
100 CFM (2.8 m /min) and a 10 in (25.4 cm) diameter oil diffusion pump, Type
0155, with a pump speed of 1200 liters/sec, was connected to the chamber
through a 10 in (25.4cm) line. Thermocouple and ionization gages provided
vacuum readout.

The chamber contained a thermal shroud, 28 in (0,71 m) in diameter by 84 in
(2.1 m) high, constructed of copper sheet with coolant lines soldered to the
inside. The shroud was constructed in two halves like a clam shell to permit
installation and removal of the test article. Coolant lines of the two halves
were manifolded together. Liquid nitrogen or water was circulated through the
coolant tubes depending on the warm boundary requirement. LNL fill was con-
trolled automatically by liquid level sensors. Water was constantly circulated
by pumping from a 1000 gallon (4.546 rrr) reservoir through a heat exchanger
to the thermal shroud and back to the reservoir.

The calorimeter assembly consisted of a guard tank mounted above the test tank.
Both were made of stainless steel. The test tank was a cylinder with flat ends,
12 in (0.31 m) in diameter by 35 in (0.89 m) high and a capacity of 17 gallons
(.077m3). The guard tank was 20 in (0.51 m) in diameter by 8 in (0.20 m)
high with a capacity of 11 gallons ( ,05m ). The guard tank was welded to the
test tank vent line to intercept heat leak and a blanket of aluminized mylar/
nylon net separated the two tanks. The test tank fill line was located within
the vent line. Both tanks had instrumentation probes which incorporated liquid
level and temperature sensors. The test article was a cylindrical truss arrange-
ment which was closed at the bottom and open at the top. The test article
was designed to fit over the guard tank with a small amount of clearance. A
photograph of the guard and test tank assembly mounted on the vacuum chamber
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door is shown in Figure 2.2-5. The test tank was offset from the center of the
guard to allow room for the fluid line and tank support strut installation. The
design drawing showing calorimeter tank and test article details is presented in

Figure 2.2-6.

A wet test meter system was used to measure the volume of boiloff gas from the
test tank. Two meters with rated capacities of 10 to 150 cubic ft/hr (0.28 to
4.25m3/hr) and 0.5 to 20 cubic ft/hr (0.01 to 0.56 m3AO were installed in

parallel and valved in as desired. Both meters were manufactured by American
Meter Co., the first was a Model AL-20 and the second a Model AL-18. A
"t 1% accuracy was quoted over the entire measurement range.

A mercury back pressure device, referenced to vacuum, provided a constant
pressure environment to the boiling fluid in the test tank. The essentials of
the system were a large area vacuum referenced mercury reservoir connected to
a small area mercury pot. The boiloff gas bubbled through the small pot and
then was measured. The elevation of the large reservoir mercury level to the

gas discharge line in the pot was only changed 1/115th of any atmospheric
pressure change due to the area ratios. A trim pot was included in the back
pressure system to allow even closer control of elevation.

2
Pressure in the guard tank was controlled from 1.3 to l .Spsig (9.0 to 10.3 kN/m )

by a water manometer.

The wet test meter measured the gas volume passing through at saturated and at
a conditioned temperature (T-30 in Figure 2.2-4), To eliminate errors, correc-

tions were made for dry gas at standard temperature and pressure. The gas as

it left the wet test meter was saturated and a temperature slightly above ambient.
In order to prevent the water condensed in the vent line from back pressuring
the system, a water trap was included.

The corrections to the gas volume being measured assumed saturated gas. In

order to assure this without reducing the water level in the wet test meter, the
gas was bubbled through distilled water in a closed vessel before reaching the
wet test meter.

The measured gas volume did not entirely represent the heat leak. Some of the
gas evolved remained in the ullage space to replace the liquid. Therefore, a
correction factor was applied to the gas volume measured. The factor was based
on the relative densities of the liquid and the saturated vapor. The correction
assumed the vapor leaving the tank was saturated. If the vapor was superheated,

the actual heat leak would be higher than the measured heat leak. In order to
determine the amount of sensible heating, a thermocouple was installed at
the junction of the tank and vent outlet.
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Figure 2.2-5: GUARD AND TEST TANK ASSEMBLY
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The conversion factors for heat of vaporization and density for hydrogen were
taken from the NBS monograph 94, dated August 1965. The values were 191.67
Btu/lb (4.46x 105 jouleA'logram) at one atmosphere and 0.005209 Ib/ft3

(0.083 kg/m3) at one atmosphere and 70°F (294°K). Conversion factors for nitro-
gen were from NBS technical note 129A, dated February 1963. The values were
85.667 Btu/lb (1.99x 105 joule/kilogram) and 0.0724 Ib/ft3 (1.16 kg/m3).

Figure 2.2-7 is a photograph showing the interior of the temperature controlled
room and the components of the gas measurement system.

o
Liquid hydrogen was supplied from an 800 gallon (3.64m ) dewar. The transfer
line was vacuum jacketed. The fill valve for the guard tank was controlled
automatically by liquid level sensors. The test tank fill valve was controlled
remotely by the test conductor.

Instrumentation consisted of pressure transducers, copper/constantan thermocouples and
carbon resistor liquid level sensors. The pressure transducers were bonded strain gage
type calibrated to an overall accuracy of "t 3% of full scale. Thermocouples were
calibrated by lot number to achieve an overall accuracy of ± 4% at -300°F (89°K).
The thermocouple reference junction was in a LN2 bath. Carbon resistor level sensors
operated a blinker light system on the control panel. These sensors contributed to the
sensible heat leak of test tank when in operation. The heat leak was 0.38 Btu/hr
(1 .3 watt) per sensor when in Lh^, and 0.44 Btu/hr (1.5 watt) per sensor when in LN2-
A technique was developed wherein only one sensor was operated during a data run.

Wet test meters were modified to provide a 10 count output for each revolution
of the rotor. This function was performed remotely with signals being fed to the
data collection system.

Data signals were fed through signal conditioning equipment to a Beckman 210
data acquisition system. Raw counts were then tabulated and punched on a
paper tape by a typewriter located at the test area. When the test run was
completed the paper tape was fed into a PDP-8 computer for data reduction.
Test control pressures, liquid level sensors and proportional valve positions were
monitored by visual readout on the control panel. A continuous log of all events
was maintained for each test.

Test Article

The test article, shown in Figures 2.2-8, 2.2-9 and 2.2-10, was an aluminum
tubing framework consisting of two hoops connected by diagonal bracing. The
dimensions were 2 ft (0.6m) diameter by 4 ft (1.2 m) high. The MLI was
attached to the interior with patches of Velcro tape. On the open end (top)
the MLI was secured to the frame with thirteen nylon screws. A 1/16 x 1.00 in
(0.16 x 2.54 cm) teflon band was used as an aid in holding the MLI against the
hoop. The cylindrical MLI blanket was one piece with a longitudinal shiplap

/
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Figure 2.2-7: GAS MEASUREMENT SYSTEM COMPONENTS

282



y

i—
00
LLJ

I—

O

CN

D
O>

o
I

CM

I
O)

OO
LU
I—

CO

CN

CM

D
O)
iE

283



splice joint similar to those of the final design. The joint was reinforced with
X-850 film laminate as evidenced in the photograph of Figure 2.2-10. The base
blanket, visible in Figure 2.2-8, was reinforced on the outside with X-850
laminate as described in the final designs. This blanket was attached to an
aluminum ring with Velcro tape. A carefully fitted 45° bevel joint was employ-
ed at the junction of the base and sidewall blankets. This joint was made by a
cut and try process. It was found that the best bevel resulted when a rotary
sanding disc was used while supporting the blanket between two beveled aluminum
plates. This technique produced a better bevel than could be obtained by hand
cutting the layers, however, there was a slightly scalloped edge on the mylar due
to the netting. The base blanket and ring were indexed to the sidewall so that
the fit could be reproduced subsequent to removal for test modifications.

The MLI consisted of 23 - 15 gage double aluminized mylar shields alternated
with 24 nylon net layers. This was the same thickness of MLI selected for the
final design of Vehicle 1-14. Molded nylon fasteners which controlled the
blanket thicknesses, visible in Figure 2.2-8, were used in the same proportion
as the Vehicle 1-14 design.

A fiberglass/epoxy thermal model of a LHo tank support was fabricated. The
part had bonded aluminum end fittings with integral spherical bearings. Alumin-
ized mylar radiation shields were suspended in the interior on a nylon thread.
The shields were spaced approximately 2.00 in (5.1 cm) apart. The shields were
bonded to the thread and the thread/shield assembly in turn was bonded to each
aluminum fitting. The fiberglass tube was 1.00 in (2.54cm) in diameter with
an 0.015 in (0.038cm) thick wall. The part was 20.2 in (51.4cm) between
bearing centerlines.

MLI was spiral wrapped over the outside of the strut and tied with dacron thread.
Five shields and six spacers were used. Extra material projected beyond the warm
end attachment to permit covering the metallic fitting after installation. Thermo-
couples were bonded to the tube before the MLI was installed. The MLI blanket
modifications necessary to add the fiberglass support and simulated fluid line were
confined to localized areas where hand fitting was employed to obtain an efficient
joint.

A stainless steel tube was constructed to represent a fluid line. The tube was
2.00 in (5.1 cm) in diameter with an 0.035 in (0.09cm) wall. The MLI penetra-
tion at the warm end was modeled to represent the final design configuration. It
was found necessary to cut the MLI from the edge of the blanket inward to the
line penetration during mockup fabrication. A similar cut was made in the test
article blanket. The cut was covered on the inside and outside with X-850
patches which were stitched in place through the MLI. The patch can be seen
in Figure 2.2-11. This is a view from the outside of the test article at the fluid
line penetration location.
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The tube was insulated with 5 shield and 6 spacer layers, tied in place with
dacron thread. Figure 2.2-12 shows an interior view with the fluid line and
fiberglass strut installed. The photograph was taken looking upwards from the
bottom before the base blanket was replaced. The test tank is to the left. The
beveled edge of the sidewall MLI is immediately adjacent to the aluminum tubing
hoop. The longitudinal splice joint is also visible as was the MLI blanket at the
top which separated the guard and test tanks.

The eighth test defined in Figure 2.2-1 incorporated a new base blanket which
was mounted on a fiberglass ring. The ring represented the MLI mounting ring
at the top of Vehicles 1-14 and 2-18. The test joint configuration was modeled
after the lap joints of those vehicles. Installation of the base blanket required
that the sidewall blanket be tucked inside the lap joint and hollow nylon screws
inserted through holes in the MLI and fiberglass ring. The holes were made in
the MLI with a hand punch. A hand drill was used for making the matching
holes in the fiberglass ring. These fasteners represented the nylon studs used to
hold sidewall blankets in place in the vehicle final designs. The fasteners were
spaced the same as the final design configuration.

Figure 2.2-13 is a view into the inside of the base blanket. The fiberglass ring
formed the boundary of the blanket. The upturned leg of the lap joint can be
seen in the photograph. The wires are thermocouple leads.

Figure 2.2-14 is a view of the outside of the base blanket. The matching
external thermocouples are evident. The lap joint configuration represented the
intersection of top deck and sidewall MLI blankets on Vehicles 1-14 and 2-18.
For the thermal tests this joint was located below the test tank with the flange
of the overlap facing upwards along the vertical sidewall blanket. The base
portion of the thermal shroud acted as the payload heat source in this test.

Figure 2.2-15 is an external view at the base of the test article. The fiberglass
ring is visible inside the aluminum tubing. The sidewall MLI blanket has been
tucked inside the base blanket lap joint and the hollow fasteners have been in-
stalled. The Velcro patches which attached the sidewall blanket to the tubing
had "ears" which were used to pull the mating pieces together and then were
tied together around the tube.

Approximately thirty channels of instrumentation were available. A portion of
these were used for monitoring test functions such as the temperature of the
thermal shroud, the guard tank temperature and pressure, and the temperature at
the test tank outlet. Because of this limitation it was impossible to retain all
of the thermocouples as the test series progressed. Instead only those areas of
particular interest were instrumented and the data from other locations in earlier
tests was utilized.
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Figure 2.2-13: TEST ARTICLE BASE PLATE Figure 2.2-14 TEST ARTICLE BASE PLATE

1LOW NYLON FASTENT

BVELCRO ATTACHMENTS!

1MOLDED NYLON FASTENER!!

m -.

JUMINUM TUBING FRAMEWORK
JFIBERGLASS RINGj

Figure 2.2-15: TEST ARTICLE BASE PLATE INSTALLATION
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The major elements of the test system are shown in Figures 2.2-16 and 2.2-17.
Figure 2.2-16 shows the system disassembled. The test article was sitting on the
floor. The thermal shroud had been opened and the right half moved away so
that the guard and test tanks were visible. The thermal shroud base had been
lowered to the floor so that the test article could be installed. Figure 2,2-17
shows the test article in place over the guard tank. Fiberglass suspension rods
were used to hang the test article from overhead brackets. The thermal shroud
base had been moved into position, prior to closing the shroud halves. The
main portion of the vacuum chamber is on the left in the photograph.

2.2.3 Test Results and Analysis

The discussion of test results follows the test plan schematic of Figure 2.2-1.
Boiloff testing consisted of a succession of test tank fills. Between fills the con-
tents were allowed to boil down to a particular level sensor, usually LL3 or LL4
shown in Figure 2.2-6. The guard and thermal shroud were maintained at their
respective temperatures continuously during the entire test. Thermal stabilization
was determined by evaluating thermocouple and boiloff data. When the thermo-
couples on the exterior of the MLI followed the shroud temperature they were
considered stabilized. When internal temperatures and boiloff rates were constant
for 2 or 3 successive fills stabilization was assumed and one final fill and data
run were made.

The objective of correlating the experimental measurements from Task II with
corresponding analytical predictions was to provide verification of, or when indi-
cated, empirical corrections to, the final design thermal performance evaluations.

The experimental-analytical correlations were carried out in terms of heat flow
through the insulation assembly and in terms of temperatures on the inner and
outer surfaces of the insulation blankets. The heat flow correlations in some
cases permitted identification of heat flow due to specific test model features
such as penetrations, and thus had direct implications to final design thermal per-
formance. Temperature correlations, on the other hand, had no direct implication
to vehicle performance but served to indicate the validity of material properties,
analytical models, and other assumptions employed in design evaluations.

The analytical predictions of temperatures and heat flow were computed with the
aid of a two- or three-dimensional digital program, the Boeing Engineering
Thermal Analyzer, BETA program. The program performed a numerical solution
of the thermal diffusion equations, accounting for solid conduction, effective
conduction through multilayer insulation (combined solid conduction and radiation),
and radiation interchanges across spaces. Variation in material thermal proper-
ties with temperature were included.

Diagrams of the analytical models, showing temperature nodes and networks of
conductances, are included in Appendix E of Volume II, NASA CR-121104,
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along with presentation of detailed predicted temperature data for each test.
This Appendix also contains the bulk of measured temperature data obtained in
the test program. The analytical models included all necessary boundary condi-
tions, i.e., the appropriate temperatures, emittances, and radiation view factors
associated with the thermal shroud, test vessel, guard tank, and other details.

The following general assumptions were employed in the analyses of all of the
tests:

(1) Steady state heat flow existed.

(2) Tank-insulation assembly-shroud geometry adequately represented by a
concentric model.

(3) Heat flow resulting from gas conduction, convection, or diffusion was
negligible.

(4) Thermal shroud was isothermal (Test 8: shroud sides and bottom temp-
eratures uniform at their respective values.)

(5) Cryogenic (test) tank was isothermal.

(6) Multilayer insulation thicknesses and layer density were uniform at
the design values.

(7) Localized heat leaks, i.e., those due to strut penetration, plumbing
line penetration, fasteners, and the longitudinal joint in the insulation,
were mutually independent.

Additional assumptions related to the configuration and conditions of the particu-
lar tests were employed and will be described along with the discussions of the
correlation results.

Material and configuration properties used in the thermal analyses are given in
Table 2.2-1. The expressions for normal and lateral effective conductivity of
the multilayer insulation employ the form shown in Table 1.1-9, with coefficients
adjusted for best agreement with emittance and cylindrical tank test data derived
in this program. The "T" joint conductance expression, employed at the joint
between the side wall and the upper cover (top of the guard) and at the joint
between the sidewall and the insulation separating the guard and test vessels,
was based on the K[_ expression, again employing empirically adjusted coeffi-
cients. Other joint conductance or contact resistance values, such as between
the main insulation blanket and the plumbing line insulation, were developed for
each particular application and are described in the discussions of the individual
test correlations. In every case where adjustments were employed in the proper-
ties listed in Table 2.2-1 to improve agreement between analytical and experimental

290



Table 2.2-1:

PROPERTIES USED IN THERMAL ANALYSES

Multilayer Insulation

(1) Effective Normal Conductivity, K :

K
n

= [4.30 x !0-14 (T2 + T 2) + 2.56 x 10-%, + TJ
/l,2 ft -hr-R

[4.34 x 10"13 (Tj2 + T2
2) + 7.97 x 10~8] [TI + T2] W/m-°K

(2) Effective Lateral Conductivity, K.:

= [0.750 x ID'10 (T.2 + T 2) + 16.80 x 10'6 [T. + TJ
* ' ^

, . . . .
'l,2 * ' ^ ft -hr-°R

[7.56 x 10"10 (T^ + T2
2) + 5.23 x 10"5J [f} + T2J W/m-°K

(3) Effective "T" Joint Conductance, K :

Kf = [l .45 x 10~V2 + T 2) + 3.26 x 10"4] [l. + T.] ?
BTU

f ' Z I 2J °l,2

[4.80 x 10"8 (T^ + T2
2) + 3.33 x 10"3] [l} + T2J W/m-°K

(4) Surface Emittance, E (Single nylon net outer layer):

e = 2.87 x 10-3T°'667 T in °R
. 1n-3 0.667 _ . o^

4.25 x 10 T T in K

(5) Longitudinal Joint Butt Interface Clearance, B:

B = 0.050 in (.127 cm)

X-850 Film Laminate

(1) Effective Lateral Conductivity, Kv
~
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Table 2.2-1:, (Continued)

PROPERTIES USED IN THERMAL ANALYSES

T_ KX-850

0 0

600°R (333°K) 6.0 x 10"5 -4™±- (l .04 x 10~4 -*L
ft
2_hr.°R \ m-°K

(2) Outer Surface Emittance:

1.915xlCf3T0-667 T i n ° K

Nylon Fastener

(1) Conductivity, Kf (isotropic):

Kf

40°R (22°K) .058 -^^- (.100 W m"1 V1)
ft -hr-°R

70°R (39°K) .092 (.159 W m"1 °K"1)

140°R (78°K) .115 (.199 W m"1 °K"1)

270°R (150°K) .133 (.230 W m"1 °K~1)

540°R (300°K) .142 (.246 W m"1 °K~])

(2) Emittance, £-:

£f = 0.4

(3) Fastener - Multilayer Interface Resistance = 0

Aluminum Components

(1) Conductivity, K.:

K = 41.7 + .1137 T - .48 x 10"4 T2 BTU-ft/ft2-hr-°R
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Table 2.2-1:, (Continued)

PROPERTIES USED IN THERMAL ANALYSES

72.1 + .354 T - .269 x 10"3 T2 W/m-°K

(2) Emittance, £.:

e. = 0.20
A

(3) Effective Average Radiation Blockage Area of Insulation

Support Truss Structure, A:

A = 17.5% of insulation side wall area

Fiberglass-Epoxy Components:

(1) Emittance, e -.

= 0.80
fg

(2) Conductivity of Strut Material, K :

K = 0.05 + 6.35 x 10"4T BTU"ft

ft2-hr-°R

0.086 + 1.98 x 10 T W/m- K

(3) Conductivity of Insulation Support Ring (Test 8)

K] 2 = .501 x 10"1 + .394 x 10"4 (T1 + T2) BTU-ft/ft2-hr-°R

.867 x 10"1 + .123 x 10"3 (T] + T2) W/m-°K

Stainless Steel (347) Components

(1) Conductivity,
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Table 2.2-1:, (Continued)

PROPERTIES USED IN THERMAL ANALYSES

_I 347

36°R (20°K) 1.156 *BTLHt (2.00 Wh,'1 V1)
ft -hr-°R

72°R (40°K) 2.77 (4.79 W m"1 V1)

108°R (60°K) 3.82 (6.61 W m"1 V1)

144°R (80°K) 4.62 (7.99 W m"1 °K"1)

180°R (100°K) 5.25 (9.08 W m"1 °K~1)

360°R (200°K) 7.51 (12.99 W m"1 V1)

540 (300°K) 8.66 (14.98 W m"1 V1)

(2) Emittance,

£347 ' °-40
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results, such adjustments were applied consistently for all tests. Thus, the
empirical property expressions of the table retain justification for use on other
similar designs.

Surface emittance for the aluminized mylar/nylon net insulation and for the alumi
nized X-850 film laminate used the standard f'667 form with coefficients derived
from the emittance tests of this program.

The emittance data was obtained on a Hohlraum cavity and was based on a 28
point integration calculation of emittance for a body at 100°F (311°K). The
results are tabulated below:

Material E

Nylon net over aluminized mylar 0,195

Nylon net over aluminized mylar 0.196

X-850 film laminate (grid side) 0.088

X-850 film laminate (smooth side) 0.063

15 ga. aluminized mylar 0.050

The emittance of the aluminized mylar was higher than the manufacturer's speci-
fication. National Metallizing quoted "no single reading above 0.035 as
measured by a Lion Emissometer". The surprising results, however, were those
obtained with a nylon net layer over the 15 gage aluminized mylar. The test
was run twice to verify the data point. The values obtained were significantly
higher than with the radiation shield alone.

Conductivity of the fiberglass-epoxy strut material was taken from Reference
2.2-1. The conductivity of other fiberglass-epoxy components and the emissivity
of all such material were taken from unpublished Boeing Company data.

Properties for nylon, aluminum, and stainless steel (Type 347) were taken from
published data for those materials.

Predictions of heat flow to the test tank were evaluated at a boundary that fol-
lowed the inner surface of the main MLI blanket. For general areas of the
insulation assembly the basic heat flow was computed by integration of the heat
flux radiated or conducted to the test tank across the boundary. To this basic
heat flow was added, in accordance with assumption (7) above, the incremental
heat leaks arising from penetrations or other details. These incremental heat
leaks appeared as additional heat radiated by a warmer than normal area of
insulation inner surface plus, in the case of strut and plumbing line penetrations,
the heat conducted into the strut or pipe itself, that conducted and radiated
laterally into the strut or pipe insulation, and that radiated into the strut or
pipe interior.
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The experimental data for the correlations were selected by examining all data
and records from each test and choosing a time at which true steady state con-
ditions were most nearly approached. For each test both the insulation temperature
and heat flow data were read at the particular time selected for that test.

The experimental temperature values were taken directly from the test data print-
outs. No adjustment, modification, or interpretation of the experimental data,
other than the selection of the time for reading, was made.

The experimental values of heat flow to the cryogenic test tank were computed
by adding the heat flow required to boil the cryogen at the measured rate and
the heat flow required to produce the measured temperature rise in the gas out-
flow. Comparisons between predicted and measured temperatures are shown in
Figures 2.2-18 through 2.2-44. Because of changes in instrumentation from test
to test and because of the need to illustrate particular problems encountered in
certain tests, a consistent format for graphical data presentation was not followed
through the test series. A complete tabulation of predicted temperatures is given
in Appendix E.

A summary of predicted and measured heat flow values is given in Table 2.2-2.
As the test series progressed it became evident in the comparisons between
Q, . • and Qiot that heat leaks not accounted for in the analytical
predictions were accumulating. It was for this reason that for some of the later
tests the QL_C- values were taken as the Q,.-.,. _._„.. from appropriate earlier

TI Das i c - -_ . i/ meas
tests. These empirical Qi . values are so identified in the table. A more
detailed breakdown of the neat flow predictions is given in Appendix E of
Volume II, NASA CR-121104.

Test T-l: The test was started at approximately 1100 hours on 12-20-71. Data
was recorded from that time, however, stabilization did not appear to begin until
about 7 hours later. The data plots presented for this test start with "zero"
being 1800 hours on 12-20-71.

The boiloff test results are shown in Figure 2.2-45. The interruption of data at
36, 78, and 114 ks was caused by test tank fills. During these fills the wet
test meter and back pressure system were valved off allowing tank pressure to
return to ambient conditions and upsetting the thermal equilibrium of tank, con-
tents and MLI. Stabilization was obtained about 102 ks into the test and one
final fill was made at 114 ks. The gradual decrease in boil-off rate towards
the end of the test was attributed to reduced wetted surface area. The heat
flow rate as determined by gas flow measurement was 7.6 Btu/hr (2.2 watt).
This was the rate when the liquid level was at level sensor 3.

Figure 2.2-46 is an example of the test data printout. Data prints were made
each hour. The figure represents a time of 194.4 ks on Figure 2.2-45.
The heating rate of one liquid level sensor was subtracted from the measured
heat flow rate to obtain the value plotted on the curve of Figure 2.2-45.
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The temperature at the tank outlet was measured by thermocouple Tl. Figure
2.2-47 is a plot of that temperature during the test. The points where tank re-
fills were made can be distinguished by a rise in temperature. The gradual
warming trend towards the end of the run occurred as the liquid level dropped.

Barometric and test tank pressure are shown in Figure 2,2-48. It was apparent
that the back-pressure system was not functioning correctly during the test. It
was later found that a quantity of hydrogen gas had been trapped in a bend of
the line connecting the large and small area pots.

Because of the malfunctioning back-pressure system, changes in barometric pres-
sure affected tank internal pressure which, in turn, affected boiloff rate. The
changes in boiloff resulting from this effect were not indicative of a change in
heat flow to the tank and thus were a source of error in the heat flow to the
tank deduced from the measured boiloff.

The time period selected for evaluating Test 1 thermal data was in the neighbor-
hood of 168 ks, a relatively stable period following the last tank refill. As
seen in Figure 2.2-48, the barometric and test tank pressure experienced a rise
during this period. Increasing pressure decreased the boiling temperature, result-
ing in some of the incoming heat being stored undetected in both the LHo and
the tank wall.

The heat stored during the period from 132 ks to 186 ks was calculated as an
average of 0.139 Btu/hr (0.04 watt). This value was added to the indicated
boiloff heat flow of 7.60 Btu/hr (2.2 watt) (evaluated at 169 ks) to obtain a
corrected boiloff heat flow of 7.739 Btu/hr (2.24 watt).

The heat of vaporization of LH2 is also a function of pressure, but the variation
due to the pressure change during the period of interest was not significant to
the heat flow calculated from boil-off rates.

The MLI was instrumented in this test to measure gradients along inner and outer
surfaces at the longitudinal splice joint and the edge of the test article in the
vicinity of the guard. One purpose for this data was to determine the efficiency
of the guard's function. Figures 2.2-49 and 2.2-50 are photographs of the in-
ternal instrumentation for these two locations.

The heat flow and temperature distributions of Test T-l were modeled by means
of three two-dimensional sections. These were:

(1) A longitudinal section through the entire insulation assembly, ignoring
the longitudinal joint and the nylon pin fasteners. This section is
illustrated in part in Figures 2.2-18 and 2.2-19, and the analytical
model is shown in detail in Appendix E. Analysis of this section was
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Figure 2.2-49: LONGITUDINAL JOINT INSTRUMENTATION

Figure 2.2-50: GUARD AREA INSTRUMENTATION
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used to predict temperatures for correlation with the measured values 73
through T14 and to compute the predicted Q, . value.

(2) A partial circumference cross-section through the insulation longitudinal
joint. This section is illustrated in Figure 2.2-20 and the conductance
network shown in Appendix E. The analysis was used for temperature
correlations involving measured T15 through T28 values and to compute
the incremental heat leak due to the joint.

(3) A typical section through a circular area of insulation, approximately
24 in (0.61 m) in diameter, surrounding one of the 47 nylon pin fasteners.
This section is illustrated in Figure 2.2-21, with the conductance net-
work shown in Appendix E. The analysis of this section provided the
prediction of incremental heat leaks due to fasteners. An attempt was
made to verify its accuracy by correlation of temperature predictions
with measured T59 and T510 through T512 values from Test T-5.

The analytical models of Items (2) and (3), above, were defined with the intent
to include sufficient area of insulation such that the thermal influence of the
longitudinal joint and fastener, respectively, were effectively contained within
the section analyzed. This isolation of effects was tentatively confirmed by
the observation that temperatures predicted for the outlying parts of the joint
and fastener section tended to agree with temperatures predicted for the mid-
body areas of the main insulation assembly.

In addition to the general assumptions employed throughout the thermal analyses
and described in the introductory paragraphs of this section, it was assumed in
the analysis of Test T-l (and of Tests T-2 through 1-7, as well) that the multi-
layer conductivity through the base miter joint was equivalent to the lateral
conductivity of the continuous multilayer.

Figures 2.2-18 and 2.2-19 show temperatures on the surfaces of the side-wall
insulation for Test 1. Measured values from T15, T16, T27 and T28 were in-
cluded in the figure even though they did not lie in the same longitudinal
section as T3 through T14. Thermocouples T15, T16, T27 and T28, from the
longitudinal joint instrumentation set, were felt to be far enough from the joint
to be essentially free from its thermal influence. The analytical results indicate
a strong heat flow into the MLI separating the test and the guard tanks, caused
primarily by direct contact between the separating insulation and the two tanks
and the relatively high lateral conductivity in the insulation.

The apparent anomaly of the T12 measurement has not been explained. Although
it is quite possible that this thermocouple was not located exactly where intended,
it is difficult to surmise a mislocation that would result in the temperature shown.
It is possible that the assumed joint conductance, which contributes to the satis-
factory agreement between analytical and experimental temperatures at the other
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points, is appropriate only as an average for the whole joint but is not accurate
at the particulate locale of T12.

The divergence between analytical and experimental temperatures near the top
of the side wall, as seen in Figures 2.2-18 has not been explained but was not
felt important because of apparent little influence on test vessel insulation temp-
eratures or heat flow. It is possible that the analytical model does not accurately
account for conditions at this location or at the fill and vent lines on top of the
assembly.

Figure 2.2-20 presents inside and outside surface temperatures for Test T-l at the
section through the longitudinal joint. Limited attempts were made to analyze
a partially separated or misaligned joint in order to improve agreement with the
measured inside surface temperatures. These attempts were not successful and
the results shown, based on an ideal joint, were accepted. The principal appli-
cation of the joint thermal analysis was to predict the joint heat leak. The
fact that the area (representing total heat flow due to the joint) under a smoothed
curve drawn through the test points approximates the area under the analytical
curve, lends credence to the analysis for its intended application.

Figure 2.2-21 shows temperatures in the neighborhood of a typical fastener. The
analytical predictions, like those for the longitudinal joint, are applicable to
Tests T-4, T-5, T-6 and part of Test T-8, as well as to Test T-l. The active
thermocouples suitable for providing measured data for temperature correlations
were T59 and T510 through T512 from Test T-5. As can be seen from the figure,
the thermocouples were insufficient in number and too remote from the fastener
to supply useful correlation data. As with the joint thermal analysis, the primary
use of the fastener analysis was to predict the fastener heat leak.

The Test T-l analytical heat flow synthesis and the comparison between predicted
and measured total heat flow are shown in Table 2.2-2. The temperature distri-
bution correlations offer no explanation for the difference between the predicted
and measured total heat flows. It is pointed out, however, that large areas of
the insulation assembly were without experimental verification of predicted temp-
eratures, raising the possibility that the analytical predictions were not entirely
representative of the total insulation assembly.

Test T-2: Boil-off data is presented in Figure 2.2-51. The test was started on
12-6-71. The data plots begin at 0500 hours, December 7 (time "zero"), and
end at 1200 hours, December 8. At test termination a problem had developed
with the mercury back pressure system. Water from the saturator had been forced
into the mercury pot because of a change in operating procedure. Mercury was
withdrawn to reduce the pressure, and in performing this operation the water
migrated to the large diameter mercury equalizing pot and was drawn into the
cold trap of the vacuum pumping system. The vacuum system gradually became
inoperative and test tank pressure began to rise; therefore, the test was terminated.
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The system maintained pressure reasonably well during the period of 90-102 ks
where the boil-off data indicated that stabilization had been attained. The
boil-off rate was 8.6 Btu/hr (2.5 watt).

Figure 2.2-52 shows test tank&barometric pressures. The test tank pressure
reflects the difficulties encountered with the back pressure system. As the
vacuum pumping efficiency was degraded, the mercury level in the large pot
dropped, and the level increased in the small pot; thus the height of the hydro-
gen gas bubble column increased. The abrupt drop in pressure early in
the test resulted in a corresponding increase in boil-off rate. This pressure drop
was accomplished by withdrawing mercury from the column. Figure 2.2-53 shows
the temperature at the tank outlet. The liquid remained above level sensor 2
during the entire test; therefore, a very slight change was noted.

Figures 2.2-22 and 2.2-23 show the insulation side wall temperatures for Test
T-2 (LN2). The same assumptions and analytical model were employed as for
Test 1, and the same characteristics are seen in the correlations. Tests T-l and
T-2 were considered simultaneously in adjusting the MLI properties discussed
earlier. Further adjustments that would have improved prediction-measurement
agreement for one test at the expense of agreement for the other test were not
made. Figure 2.2-24 showing the temperatures at the longitudinal joint section
for Test T-2 exhibits characteristics similar to the results for Test T-l . In this
case the analytical results more closely approximate experimental values. Again,
the area under an experimental temperature distribution approximates that of the
analytical distribution, indicating adequacy of the theoretical analysis for heat
leak prediction. Examination of the joint revealed the possibility of considerable
irregularity in details of the joint configuration along its length. Thus, a repre-
sentation of the average effect of the joint is all that can be expected without
a far more detailed investigation.

Figure 2.2-25 shows the fastener region analysis for Test T-2. No experimental
data are shown since there were no suitable active thermocouples near a fastener
at the conditions of Test T-2.

The heat flow correlations of Table 2.2-2 show a discrepancy between predicted
and measured total heat flow even greater than that of Test T-l. Again, the
temperature correlations provide no explanation for the discrepancy.

Test T-3: Referring to the test plan, Figure 2.2-1, Test T-3 utilized the same
thermal protection system as Tests T-l and T-2. However, the external boundary
temperature was reduced to -320 F (77.7 K) by means of the thermal shroud.
The measurement fluid in the test tank was Lh^.

This test was started on 12-13-71. Boil-off data, beginning at 0000 hours on
12-15-71, is shown in Figure 2.2-54. The data curve was interrupted by two
test tank refills. The boil-off rate appeared to be insensitive to liquid level in
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the test tank as evidenced from approximately 330 ks to test termination.
Figure 2-2-55 presents the test tank outlet temperature. The temperature at the
test tank outlet varied less than 3°F (1.7°K) from 240 ksi to test termination.

Barometric and test tank pressures are shown in Figure 2.2-56. The mercury back
pressure system functioned properly for the first 36 ks; then test tank pressure
followed barometric pressure variations until termination of the run. The trouble
was traced to the mercury line connecting the small and large area reservoirs.

The influence of barometric pressure changes on boil-off rate can be seen in
Figure 2.2-54. From approximately 240 ks to 312 ks, a heat flow rate of
0.62 (Btu/hr (0.18 watt) was obtained. From 312 ks to the end of the test
the heat flow was 0.74 Btu/hr (0.22 watt). The test tank pressure of Figure
2.2-56 was seen to increase during the period from 300 ks to 312 ks; then de-
crease to the end of the test. When the pressure increased, the boiling point
was depressed, and thus heat was stored in the LH2 and tank wall as described
in Test T-l. The heat stored during the period from 240 ks to 312 ks was
calculated as an average of 0.0367 Btu/hr (0.01 watt). The heat liberated
during the period of decreasing pressure was found to be an average of 0.0674
Btu/hr (0.02 watt). The stored heat was then added to the measured boil-off
rate during the first period mentioned to derive a value of 0.62 +0.04 =0.66
Btu/hr (0.19 watt). The heat released during the latter period was subtracted
from the measured value to obtain 0.74 - 0.07 = 0.67 Btu/hr (0.20 watt).
The correlation using this approach was good; thus, a boil-off heat flow value
of 0.67 Btu/Vir (0.20 watt) was selected for this test series. The heat of vapor-
ization of LH2 varied only 0.05% through the range of pressure change; thus,
the effect in converting mass flow rate to heat flow was negligible.

Figure 2.2-26 shows the inside and outside temperatures on the insulation side
wall for Test T-3. Poor correlation is seen throughout. No attempt was made
to adjust properties to obtain better agreement for two reasons. First, any sig-
nificant change in assumed properties would have been detrimental to Tests T-l
and T-2 correlations. Second, little hope was seen in obtaining close correla-
tion, since most of the indicated measured temperatures were higher than boundary
temperatures on either side of the insulation.

All data were reviewed carefully and test personnel were consulted in an attempt
to correct what appeared to be an error in the measured temperatures. The
approximation of true steady-state conditions at the measurement time selected,
and the existence of the intended test vessel, guard vessel, and shroud tempera-
tures were verified. No explanation was found for the large difference between
expected and measured temperatures. With this large discrepancy in the overall
level of temperatures, no attempt was made to examine or explain trend differ-
ences between analytical and experimental results.
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Figure 2.2-27 which shows longitudinal joint section temperatures for Test T-3
continues the discrepancies seen in Figure 2.2-26, and offers no further clue as
to the source of the problem.

Figure 2.2-28 shows analytical predictions of temperatures in the vicinity of a
fastener at conditions of Test T^3. Like Test T-2, there are no measured values
available for correlation with this distribution.

The heat flow comparison for Test T-3 shown in Table 2.2-2 continues the large,
unexplained disparity between predicted and measured thermal results for this test.
An additional computation of heat flow for Test T-3 was carried out utilizing
measured insulation inner surface temperatures rather than predicted temperatures.
Because of the localized instrumentation grouping, considerable extrapolation of
measured temperatures was necessary to obtain full area coverage of the insulation
surface. The result of this more empirical approach was a slightly improved, but
still far from satisfactory predicted heat flow. It is pointed out that regardless
of results, this approach could not be regarded without suspicion because a
similar computation utilizing insulation outer surface measured temperatures would
have yielded a negative basic heat flow (Q, . ).

Test S-l: Upon completion of the first three thermal performance tests, the
test article was removed from the calorimeter assembly, and all instrumentation
on the MLI was removed.

The first structural test involved two axis vibrations. Figure 2.2-57 shows the
test article prepared for transverse axis testing. Longitudinal axis testing was
performed by rotating the shaker pot 90 to the vertical position and mounting
the part on top. Accelerometers were placed at the mid-point and outside end
to measure response, and on the shaker table to serve as input control.

The vibration specification for the test is defined in Figure 2.2-58. The curve
for the transverse axis test is shown in Figure 2.2-59. This was a full level
random vibration test run for five minutes at 3.1 G's RMS. The MLI and frame
showed only slight response, so the test was repeated at 6 G's RMS for 3 minutes.
This procedure was followed for the longitudinal axis test also. The part was
examined for evidence of damage. The only detectable change was two, 1-inch
(2.5cm) long tears in the inner aluminized mylar layer, originating at nylon
fasteners. These fasteners can be seen on the interior of the part in Figure
2.2-10. The heads of the fasteners were bonded to the net and adjacent alumi-
nized mylar layer.

Test S-2: The acoustic environment test was conducted by placing the part in
a closed cell containing an air horn. In this way the acoustic energy was applied
to all surfaces simultaneously. Microphones were located three places, 120
apart to measure input and aid in shaping the test curve. Figure 2.2-60 shows
the test setup, and Figure 2.2-61 shows the acoustic environment.
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Figure 2.2-60: ACOUSTIC TEST ASSEMBLY
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An iniHal run was conducted for 1-1/2 minutes, up to 137 db, to verify the
curve. The actual test run took 3 minutes with a peak level of 143 db.

After completion of the test an examination of the part showed that there was
no damage. During the test run considerable motion of the outer MLI layer
was observed, predominantly in unsupported areas. It appeared that this motion
was sufficient to cause tears at the points of attachment; however, none developed.

Test S-3: The acceleration test was conducted on a centrifuge at the Naval
Torpedo Station. The test article was mounted with the closed end towards the
axis of the centrifuge, 22.7f t (6.9m) from the center as shown in the photo-
graph of Figure 2.2-62. The arm was rotated at the rate of 22.75 RPM. There
was no visible damage to the part upon examination after test.

Test T-4: The part was returned to the calorimeter test site and instrumented
with thermocouples for the next series of tests. Figure 2.2-6 showed the quantity
and location of instrumentation. The previous locations were not repeated be-
cause similar thermal performance was expected.

The test was a repeat of Test T-l after application of vibration, acoustic, and
acceleration loads. The measured boil-off results are shown in Figure 2.2-63.
The value obtained at 227 ks was 8.5 Btu/hr (2.5 watt), 0.9 Btu/hr
(0.26 watt) greater than Test T-l.

The mercury backpressure system was functioning correctly for this test as evi-
denced in Figure 2.2-64.

Figure 2.2-65 shows temperatures at the test tank outlet Tl . The spikes in the
curves occurred when the test tank was refilled.

Temperature correlations for Test T-4 are shown in Figures 2.2-29 and 2.2-30.
Since the conditions and configuration for Test T-4 were the same as for Test
T-l, the analysis results for both temperatures and heat flow were taken directly
from the analysis of Test T-l. The agreement between the predicted and
measured temperatures for Test T-4 was satisfactory, but there was insufficient
instrumentation to permit verification of analytical prediction accuracy for large
areas of the insulation assembly.

Examination of the heat flow correlations in Table 2.2-2 shows that the disparity
between predictions and measurements increased significantly from Test T-l to
Test T-4. Apparently, the structural tests of Test T-4 and possibly thermal and
pressure cycling and handling in Tests T-2 and T-3 caused some degradation in
MLI performance.

Test T-5: This test incorporated a fiberglass tubular strut connected between
the aluminum frame work and the calorimeter tank. The support penetrated the
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MLI through a small rectangle cut from the blanket. The warm end of the strut

was equipped with a resistance heater.

Boil-off test results are shown in Figure 2.2-66. A value of 9.6 Btu/hr (2.8

watt) was obtained at approximately 150 ks before the heater was acti-
vated. The heater was operated during that same boil-off cycle to balance the

warm end temperature with another location on the aluminum frame-work. Prior

to heater activation the warm end of the strut had been about 4 F (2.2°K)
cooler than the other location. The heater power required to raise the tempera-

ture 4°F (2.2°K) ranged from 0.29 to 0.31 watts (1 to 1.1 Btu/hr). The effect

of increasing the outboard end temperature disappeared a short distance along

the strut towards the calorimeter tank.

The boil-off test was continued with a nearly constant heater power setting.
The boil-off curve of Figure 2.2-66 did not reflect the addition of heat at the

outboard end of the strut as evidenced at 185 ks. Another test tank fill

was made at 232 ks and a heat flow of 9.4 Btu/hr (2.8 watt) was obtained.

Test tank and barometric pressures are shown in Figure 2.2-67, and the tempera-
ture at the tank outlet in Figure 2.2-68.

The inclusion of the tank support strut in Test T-5 necessitated the incorporation
of an additional analytical model in the thermal analysis of the test. This
model is illustrated in Appendix E. It was intended to represent the strut; its
insulation, fittings, and interior baffles; and a sufficient area of the main MLI

surrounding the penetration to isolate its effects. Analysis of this model pro-
vided the predicted temperatures for comparison with the measured values and
the incremental heat leak associated with the strut.

A number of additional assumptions were employed along with the strut analytical

model in the simulation of Test T-5. These assumptions were:

(1) Effective normal and lateral conductivities of strut MLI were equal to
those of the main MLI.

(2) Strut MLI was in perfect thermal contact with the strut and strut end
fittings.

(3) There was no radial or circumferential thermal gradient in the strut walls.

(4) Heat transfer between strut MLI edges and main MLI and between main
MLI edges and strut attachment clevis was by radiation only.

(5) Joint resistance at pinned fittings was equal to twice the resistance of

the fitting itself.
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(6) Joint conductance of bolted joint (strut fitting to strut attachment pad)
was based on conductance through bolt, with perfect thermal contact
at bolt head and at threads, no contact elsewhere.

(7) All bonded interfaces were in perfect thermal contact.

(8) Aluminized mylar baffles within the tube installed to block internal
radiation.

The computation of effective conductivity of the strut, minus its MLI, was
accomplished using data interpolated from the tables of Reference 2.2-2 to
account for the coupling of conduction and radiation in the presence of the in-
ternal baffles.

Although Test T-5 was run with the strut heater both off and operating, the
measured total heat flow showed no significant effect of heater activation. It
was concluded, therefore, that the heater did not function as a heat source as
far as heat flow to the test tank was concerned. It appeared that essentially
all heater output found its way to the guard tank, possibly by conduction through
the aluminum frame-work.

The possibility of heater power being lost through the frame-work was checked
by computing the heat flow indicated by the temperature gradients through T44
and T417 through T420. The result accounted for approximately one-half of the
heater power. A re-evaluation, considering thermocouple measurement tolerances,
however, indicated that all of the heater power could have been conducted away
by the truss.

Influence of the heater was observed at thermocouples T44 and at T41 on the
strut (see Figure 2.2-31). These observations formed the basis for the assumed
boundary conditions for the analysis of Test T-5. With the heater off, the
thermal shroud temperature was taken as the hot boundary temperature, as for
previous analyses. With the heater activated, an additional boundary tempera-
ture located at the strut attachment (heater) pad, and fixed at the measured
value at T44, was established.

Strut temperatures are shown in Figure 2.2-31. The large difference between
predicted and measured temperatures near the hot end of the strut, in spite of
perfect or near-perfect agreement at T44, strongly indicates a greater than
assumed joint resistance at the intervening pin joint. A change in joint resist-
ance to improve temperature correlations, however, would have been detrimental
to the heat flow correlation, as will be described later.

Correlations of temperatures on the surfaces of the main MLI in the vicinity of
the strut penetrations (Figures 2.2-02, 2.2-33, and 2.2-34) show approximately
the same level of agreement as was seen for the same areas in Tests T-l and T-4.
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The fact- that the predicted temperature curve of Figure 2.2-04 lies below the
measured data at all points except very near the penetration may be an indica-
tion that the conductance into the main MLI at the penetration was less than
assumed while the lateral conductivity through the MLI at this section was
greater than assumed. If this observed difference between predicted and measured
temperatures prevailed over the entire MLI area influenced by the strut penetra-
tion, a deficiency in the predicted strut penetration heat leak could result.

The details of the temperature predictions (Appendix E) indicate that the area
of main MLI surrounding the strut penetration selected for the analytical model
was adequate to isolate the penetration effects. This conclusion, however, is
not fully confirmed by the experimental temperature distribution (Figure 2.2-34).

The heat flow correlations for Test 5 are shown in Table 2.2-2. The heat leaks
unaccounted for at this stage of the test program, as indicated by the difference
between predicted and measured values for Test T-4, had become significant. It
was decided, therefore, to use the measured total heat flow value from Test T-4
as the basic heat flow value (Qbasic) 'n computing Test T-5 total heat flow
predictions. Since this empirical Qbas;c value included the effect of the longi-
tudinal joint and of the fasteners, these incremental contributions were not
calculated for Test T-5 and are not shown separately in Table 2.2-2.

With the predicted heat flow for Test T-5 computed as described above, the
theoretical value approximates the measured value to an accuracy comparable to
that achieved for the other tests (except Test T-3). When the difference in
measured heat flow between Tests T-4 and T-5, i.e., the apparent measured
strut heat leak, is compared with the predicted strut heat leak ( Q ), how-
ever, a large relative difference is seen:

Qt . = Q. . - G> 4 = 10.406-8.948 = 1.458 Btu/hr (0.43 watt)strut, meas tot, meas,- tot, meas. / \ • >

Q L , = Q, L (Table 2.2-2) = 0.1507 Btu/hr (0.04 watt)strut, pred strut / \ /

Part of the observed deficiency in predicted strut penetration heat leak was anti-
cipated from the temperature correlations of Figure 2.2-31. The temperature
differences are not sufficient to account for the entire difference in heat flow,
however, unless the strut penetration thermal influence extended over a much
larger area of main MLI than the analysis indicated. Examination of temperature
distributions on the strut (Figure 2.2-31) indicated that the effective conductance,
and therefore the heat flow contribution of the strut and its fittings were probably
less, not greater, than predicted. Thus, no adjustment in analysis properties or
assumptions suggested by one set of correlations could be applied without degrad-
ing other correlations from this or preceding tests.
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Test T-6: A stainless steel fluid line was incorporated in this test configuration.
The data from a succession of boil-off test runs is shown in Figure 2.2-69. A
stabilized value of 12.1 Btu/hr (3.5 watt) with liquid at level sensor 3 was indi-
cated at 271 ks.

The heaters on the warm ends of the strut and the fluid line were activated at
about 300 ks. The boil-off rate increased for a period of time and then
stabilized at about 12.5 Btu/hr (3.7 watt) when the liquid level was at sensor
4. Another fill was made and after the fill a value of 13.0 Btu/hr (3.8 watt)
was obtained with liquid at level sensor 3. The test was continued until the
liquid dropped to LL4. At that point a value of 12.5 Btu/hr (3.7 watt) was
obtained, which verified the data point preceding the fill. The test was termin-
ated at that point.

After heater power was applied, the temperatures along the metallic frame mem-
bers increased as expected. Sufficient power was applied to raise the warm end
temperature of each penetration to the same temperature as a remote location on
the aluminum framework. The sum of the heater power applied to the strut and
fluid line was approximately 5 Btu/hr (1.5 watt). It took less heater power to
maintain the required temperature at the warm end of the fiberglass strut in this
test than in Test T-5.

Figure 2.2-70 shows barometric and test tank pressures. There was an intentional
increase in back-pressure at 192 ks. The mercury back-pressure system was
functioning properly during this test.

The temperature at the tank outlet is shown in Figure 2.2-71.

The simulated fluid line installed for Test T-6 necessitated a further addition to
the analytical model. This addition was treated in much the same way as the
strut addition for the analysis of Test T-5. The analytical model of the fluid
line assembly, including an adjacent area of main MLI assumed to contain the
penetration influence, is illustrated in Appendix E. As with the strut penetration,
certain additional assumptions were made in this penetration analysis. These were:

(1) Effective normal and lateral conductivities of the line MLI were equal
to those of the main MLI.

(2) Line MLI was in perfect thermal contact with the tube.

(3) There was no radial or circumferential thermal gradient in the line walls.

(4) The joint conductance between the main MLI edges and the line was the
"T" joint conductance employed for the main MLI (Table 2.2-1).

(5) There was no thermal resistance at the line-tank joint.
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(6) The upper (warm) end of the line was treated as very close but not in
thermal contact with the thermal shroud.

(7) There was no thermal interaction between the Fluid line assembly and

the strut assembly.

(8) The cut in the main MLI adjacent to the opening for the line was an
ideal cut, i.e., no misalignment of layers occurred and no radiation

gap was opened.

(9) Radiation from warm to cold end within the line was accounted for in

the thermal model.

Test T-6, like Test T-5, was conducted with the heaters (line and strut) both
off and operating. In contrast with Test T-5, however, the measured heat flow
results (Table 2.2-2) from Test T-6 indicate that some, but not all, of the
1.605 watt total heater output reached the test tank. Since there was no way
of determining what portion of the fluid line heater output contributed to the

line assembly heat leak, the heater was not treated as a heat source in the
analysis. Instead, as in the analysis of Test T-5, a temperature boundary con-
dition was established to account for the effect of the heater when operating.
The measured temperature employed in this case was that at T525, assumed to

exist at the heater location on the line.

Figure 2.2-35 shows measured and predicted temperatures along the fluid line.
The temperature distributions indicated the possibility of greater thermal resis-
tance near the lower (cold) end of the line than was assumed. The most

probable source of error was the assumption of zero resistance at the line-tank
interface. Analytical predictions were not made for the locations of T525,
T526, T530, or T531 since the aluminum framework and the line support plate
were not included in the analytical model. A large lump of adhesive inside

the line near its warm end could have affected heat flow by blocking internal

radiation.

Temperatures on the main MLI surfaces at a section through the penetration

opening are shown in Figures 2.2^36 and 2.2^37. Correlations for the inner
surface show roughly the same trends as for the corresponding section adjacent

to the strut penetration in Test T-5. The indicated rise in measured temperature
from T511 to T513 has not been explained.

Temperatures predicted for the inner surface of the main MLI around the periphery

of the area included in the analytical model (Appendix E) are generally higher
than the level predicted for that part of the insulation assembly without penetra-
tions. Thus, it 'is Indicated that the area of main ML) incorporated as a part of
the analytical model was not sufficient to entirely isolate the penetration effects.
It may be expected, therefore, that some deficiency would exist in the predicted
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fluid line penetration incremental heat flow. Experimental temperatures were
not measured over a large enough area to confirm or deny this possibility.

Figure 2.2-38 shows temperatures on the MLI surfaces at a section through the
cut in the main MLI just below the fluid line penetration. Most of the devia-
tion in temperatures at this section from values at remote locations resulted from
lateral conduction from the penetration and from the intervention of the fluid
line in the main MLI test tank radiation interchange. Some effect was due to
the lower surface emittance of the X-850 laminate as compared to a net covered
layer of aluminized mylar covering the cut. No disturbance in predicted temp-
eratures arose from the cut itself, because of the assumptions of no radiation
gaps and no layer misalignment and because the cut lay in a plane of thermal
symmetry.

The relatively strong influence of the heater on measured temperatures at T519,
T521, and T523 has not been explained. A response to radiation from the in-
sulation support truss and the line support plate might have been expected at
this section, but the measured outer surface temperatures showed very little such
response. Some of the correlation discrepancies near the centerline of the section
of Figure 2.2-38 may have resulted from predicted radiation interchange with the
rather crude model of the fluid line MLI.

Heat flow correlations for Test T-6 are included in Table 2.2-2. Because of
the apparent deficiency in the predicted contribution of the strut penetration for
Test T-5, the basic heat flow for Test T-6 (Q, . ) was taken as the measured
total heat flow (Q ) from the no-heat parr of Test T-5. The Q.

tot, meas basic
for Test T-6 thus includes the strut heat flow, as well as longitudinal joint and
fastener heat flow, on an empirical basis.

The comparison of total heater power, 1.605 watt versus total measured heat flow
for Test T-6 with heaters on and heaters off indicates that most, but not all, of
the heater output escaped through the guard tank. The predicted total heat
flow (Q .) for the heaters-on part of the test also included 0.279 Btu/Vir

tot, pred m
 r

(0.082 watt), which was assumed as that part of the total heater output reach-
ing the test tank by means other than the fluid line as analytically modeled.
The figure of 0.279 Btu/hr (0.082 watt) was arrived at by subtracting the differ-
ence between the predicted plumbing line heat leak ( AQ.. ) for heaters-on
and no-heat conditions from the difference between total measured heat flow
for the two conditions. Thus,

(13.628 - 12.805) - (2.699 - 2.155) = 0.279 BtuAr (0.082 watt)

An assessment of the apparent measured plumbing line heat leak and a compari-
son with the corresponding predicted value was made in a manner similar to that
employed for Test T-5. Thus, for the no-heat condition,
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A Q.. =Q -Q = 12.805 -10.406 = 2.399 Btu/hr
hne,meas tot, meas, tot,

AQ.. , = AQ.. (Table 2.2-2) = 2.155 Btu/hr (0.63 watt)
lme,pred line

The comparison between apparent measured and predicted plumbing line heat leak
values was qualitatively consistent with some, but not all, of the measured-
predicted temperature comparisons. The only suggested change in properties or

assumptions that would result in an uncompromised improvement in correlations
was the use of a larger area of main MLI in the plumbing line analytical model.

Test 1-7: This was a repeat of the preceding test except that LN2 was used

as the fluid instead of Lh^. The strut and fluid line heaters were inactive dur-

ing this run.

Figure 2.2-72 shows the boiloff data. The results were more erratic than pre-
ceding LNo tests and there was no apparent reason for this behavior. An
average value of 12.4 Btu/hr (3.6 watt) was selected.

Figure 2.2-73 shows that the back-pressure system was functioning properly.

Temperatures at the test tank outlet are presented in Figure 2.2-74.

Test T-7 was conducted on the same configuration as Test T-6. In principle
the analysis differed from that of Test T-6 only in the temperature boundary
condition of the test tank. The analytical models were the same as employed

for analysis of the previous tests and the assumptions were the same as described
earlier.

In actual execution the analysis of Test T-7 differed somewhat from that of
Test T-6 since it was necessary in the Test T-7 activity to analyze the strut

assembly, in addition to the plumbing line assembly, with the liquid nitrogen

boundary condition. The model for this component was the same as that used
for Test T-5 and illustrated in Appendix E. The Test T-7 analysis differed from
the Test T-6 analysis also in the synthesis of the predicted total heat flow,
which will be described later.

Temperature distributions for Test T-7 are shown in Figures 2.2-39 through 2.2-42.
In general, the trends were similar to those seen in the Test T-6 correlations and
the same comments applied. Temperatures related to the strut assembly are not

shown in this section since there was no instrumentation in this area for Test T-7.
The predicted temperatures for the strut assembly analytical model are given in
Appendix E.

Figure 2.2-42 shows an unusually large difference between measured and pre-

dicted temperatures on the inner surface of the insulation. It was seen that
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measured temperatures at T519, T521, and T523, as well as those at T55, T57,
T59, T511 and T513 (Figure 2.2-41),were lower than the respective measure-
ments from Test T-6. The predictions, responding as expected to the higher
cold boundary temperature, showed higher temperatures for Test T-7. No ex-
planation was found for the behavior of the measured temperatures.

The heat flow correlation for Test T-7 is shown in Table 2.2-2. The basic
heat flow (Q, . ) for Test T-7 was taken from the measured total heat flow

basic
(Q ) of Test T-2, where the boundary temperatures were the same as for

Test f-7. Thus the longitudinal joint and fastener heat leaks were accounted
for in Q. . . To this value were added the Q and Q.. from the Test

basic strut line
T-7 thermal analysis, to obtain Q .. The necessity of obtaining Q.

' tot, pred ' basic
from Test T-2 precluded an empirical accounting for the unpredicted increase in
heat flow that appeared to result from the structural tests of Test T-4, as was
done for Test T-5 and T-6 heat flow correlations.

Test T-8: This test incorporated a lap joint in the MLI and two different warm
boundary temperatures. The base of the thermal shroud was controlled to 70 F
(294°K) and the sidewall of the shroud was filled with LN2. The test fluid was
L\^2> The two shroud components were thermally disengaged by phenolic blocks.
The heaters were both inoperative during this run.

The heat flow data is shown in Figure 2.2-75. The initial fill was made at
1500 hours on 3-17-72. The data plots were started approximately a day later.
Six boil-off runs are shown in the figure. The boil-off rate was essentially
constant throughout these runs. A value of 2.9 Btu/hr (0.9 watt) was selected.

The test system and barometric pressure plots are shown in Figure 2.2-76. Temp-
erature at the tank outlet is shown in Figure 2.2-77.

Simulation of Test T-8 consisted primarily of an analysis of the basic main MLI
assembly, accounting for the modified lower (sidewall-base) lap joint and the
differing temperatures of the shroud sides and base. The analytical model was
very similar to that used for analysis of Tests T-l, T-2 and T-3, and is shown
in detail in Appendix E. As for the earlier analyses, the main aluminum frame-
work was not considered part of the analytical model. The lower aluminum and
fiberglass support ring was included in the model.

The earlier assumption of mutual thermal independence of the main MLI assembly,
the longitudinal joint, the strut assembly, and the fluid line assembly was ex-
tended to imply that only the main MLI assembly was affected by the two-level
hot boundary temperatures of Test T-8. Thus, the joint, strut, and line analyses
at the conditions of Test T-3 were assumed applicable to Test T-8. The total
heat leak due to fasteners was the sum of individual fastener leaks with appropriate
boundary temperatures. These values were taken from the Test T-l and T-3 fastener
analyses.
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Additional assumptions employed in the analysis of the lower lap joint are listed
below:

(1) Conductance through the lap interface of the MLI lap joint was equal
to the conductance of a continuous thickness of MLI.

(2) Emittance of MLI exposed edges was 1.0.

(3) Heat transfer between the support ring assembly and the MLI was by
radiation only.

(4) The aluminum part of the support ring was isothermal and the aluminum
and fiberglass parts were in perfect thermal contact.

Temperature correlations for the MLI sidewall in Test T-7 are shown in Figure
2.2-43. Notice that the outer surface of the MLI above the lap joint became
the inner surface below the joint. Above the immediate vicinity of the joint
the predicted outer surface temperatures, and, to a lesser degree, the inner
surface temperatures differed greatly from the measured values. No explanation
was found for the discrepancy, but it was observed that the prediction-measure-
ment difference was somewhat similar to that of the Test T-3 correlations.

Temperatures on the MLI base blanket are shown in Figure 2.2-44. The very
large difference between predicted and measured values on the outer (hot)
surface were not completely explained. Subsequent to the analysis it was dis-
covered that the outer surface of the base blanket was covered with two layers
of nylon net rather than the single layer used elsewhere. Thus, the surface
emittance used in the analysis (Table 2.2-1) may not have been correct for this
surface. No emittance data were available for a double nylon net surface, but,
judging from the effect of adding a single layer to a bare aluminized mylar
surface, a double net layer was very unlikely to lower the emittance. There-
fore, an emittance correction offered little hope for resolving the discrepancy.

Thermocouples T61, 763, T65 and T67 (Figure 2.2-44) were shielded in varying
degrees by one of the lower support ring cross members. These cross members
were afforded a rather direct thermal conduction connection with the main in-
sulation support truss frame. The main truss frame experienced temperatures
lower than the base blanket outer surface, due to the frame's principal exposure
to the LN2~cooled shroud side wall. Thus, the cross members on the lower
support ring could have drawn heat from the base blanket outer surface by radia-
tion, actively cooling the MLI, as well as partially shielding it from the shroud
base heat source. This effect which was not accounted for in the analysis was
the most plausible explanation for the prediction-measurement discrepancy of
Figure 2.2-44. It is not clear why the measured temperatures were nearly con-
stant across the outer surface of the base blanket in view of the thermocouples
varying distance from the nearest lower support ring cross member.
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Post-test inspection revealed that thermocouple T69 was cemented to both the
MLI and the adjacent fiberglass portion of the support ring, contrary to its in-
tended installation. The MLI was badly torn around the thermocouple due to
the resulting non-yielding attachment. There was a large tear involving two
aluminized mylar layers around thermocouple T62. In addition, there were
numerous small tears, mostly at stitching holes, in the MLI lap joint region.
The attempt to form a cylindrical surface at the lap joint by folding the edge
of the base blanket disc produced considerable puckering and bunching of the
MLI, resulting in local variations in thickness and effective layer density. All
of these departures from the idealized configuration represented by the analytical
model could have contributed to correlation discrepancies.

Heat flow for Test T-8 is summarized in Table 2.2-2. The basic heat flow
(Q, . ) was computed by integration of heat flux emanating from the inner
surface of the main insulation assembly in the same manner as was done for
Tests T-l, T-2 and T-3. The incremental heat flow due to the longitudinal
ioint ( Q, . . ) was taken directly from the analysis of Test T-3. The1 v long,|omt ' '
incremental heat flow due to all fasteners ( Q. ) was computed by adding
the appropriate number of individual fastener heat leaks for a 532 R (296 K)
shroud temperature, taken from Test T-l analysis, and the appropriate number
for a 140 R (77.7 K) shroud temperature, taken from Test T-3 analysis. The
strut and plumbing line heat leaks were computed using the same analytical
models as for preceding test analyses, but with the 140 R (77.7 K) shroud temp-
erature boundary condition.

A large relative error is seen in the comparison between predicted and measured
heat flow for Test T-8. It is probable that part of the error was due to simplify-
ing assumptions and differences between the analytical model and the test article
in the lower joint and base area, as described earlier. Certainly some such error
was anticipated in reviewing the temperature correlation results.

The prediction of heat flow for Test T-8 did not have the benefit of a basic heat
flow value which included, on an empirical basis, the unpredicted extra heat
flow appearing after the structural tests of Test T-4, or the additional heat flow
apparently associated with the strut penetration. It is interesting to note that
for Test 8 the difference between predicted and measured heat flow, in absolute
terms, was approximately the same as for Test T-7, where the predicted heat
flow, likewise, did not include the empirical corrections. On the other hand,
the difference between predicted and measured heat flow for Test T-6, which
did include the empirical corrections, was approximately one-half of the differ-
ences for Tests T-7 and T-8. It was concluded that at least a significant por-
tion of the discrepancy between measured and predicted heat flow for Test T-8
was due to those unpredicted increments in heat flow that first appeared in the
Test T-4 and T-5 correlations.

353



Several general conclusions can be drawn from the analysis of test results.
These are discussed in the following paragraphs.

Many predicted temperatures agreed with measured values to within approximately
5°R (3 K). Most departures from this degree of accuracy occurred in areas where
important thermal properties were not accurately known or other analytical model-
ing deficiencies may have existed. The Test T-3 temperature correlations remain-
ed the outstanding case of unexplained disagreement.

Differences between predicted and measured total heat flow rates were less than
2 Btu/hr (0.59 watt) throughout the program. These differences equate to a less
than 20% relative error except for Tests T-3 and T-8, where the small absolute
values tend to magnify the relative error. Had the predicted heat flow values
been computed on a purely theoretical basis, i.e., without the benefit of
empirical corrections for unpredicted apparent additional heat leaks, the differ-
ences for many of the tests would have been approximately doubled.

Most sources of error thought to be important to the temperature and heat flow
correlations were mentioned in discussions of the results for the particular tests.
In addition to deviations from the listed assumptions and analytical model defi-
ciencies described, other potential sources of prediction-measurement disagreement
existed. The analytical solutions were fundamentally inexact, containing errors
from numerical solutions, convergence criteria, and the lumping of physical
properties into a finite number of nodes. Perfect steady state conditions probably
never existed during the tests and instrumentation tolerances could have accumu-
lated to produce a noticeable error. Numerous small details of the test article
were not accounted for in the analytical models. These included heat leaks due
to thermocouple leads, and localized areas of double nylon net layers.

2.3 Mockup Evaluation

A full scale structural and thermaI/meteoroid protection system mockup was made
of Vehicle 1-14. A photograph of the structure, fluid lines and electrical
systems is shown in Figure 2.3-1.

MLI blankets consisting of aluminized mylar/nylon net layers were assembled in
accordance with the vehicle final design drawings and installed on the mockup.
The ease of assembly and potential problem areas were noted and where major
problems existed an alternate installation was tried. Finally, me mockup and
MLI were cut apart so that a photographic log of critical areas could be made.

The design improvements dictated by this phase of the program were incorpor-
ated in the final vehicle design drawings Figure 1.3-1 and 1.3-2, and in the
assembly of the thermal/structural test article.
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Assembly and Installation

Several thermal/me teoroid protection design deficiencies were found in assembling
the panels on the mockup. These deficiencies and the design remedies are dis-
cussed in the following paragraphs.

The LhL tank fill line penetrated the vehicle sidewall on the conical surface
below the lower main-body ring. This necessitated an elongated hole in the
MLI blanket which was difficult to fit to the insulated pipe penetration as evi-
denced in Figure 2.3-2. The design "fix" consisted of moving the line to a
point slightly above the lower ring on the cylindrical surface of the vehicle,
which permitted the use of a circular hole in the MLI blanket. It was also
found that each plumbing penetration should have a flange on the pipe to pro-
vide support to the intersecting MLI blanket at the point of penetration. With-
out this support, motion between the pipe and the blanket would cause MLI
damage or gaps, thus degrading the thermal performance. The MLI blanket
could be attached to the pipe flanges with Velcro patches.

The fitup of the longitudinal shiplap joints in sidewall and base blankets was
good in those areas where the nylon thread ties were tight. If the thread
slipped or was tied loosely severe gaps resulted. A spring tensioning device
which would clip in place should be designed for this application. A metallic
spring could be used since it does not penetrate the blanket. This problem was
remedied on the thermal test article by using fiberglass thread and tweezers to
make a tight tie. A very good joint was obtained with this approach but con-
siderably more labor was required.

It was found that Velcro patches were necessary on the vehicle sidewall struts
to hold the MLI blanket in place and reduce sagging. On the mockup there
were strips of hook and pile, bonded to struts and blanket, respectively. Since
the blanket was located inside of the structure, the Velcro attachment was made
with hand pressure from the inside. When the blanket installation was complete
it was impossible to re-engage this attachment from the outside of the vehicle.
Detaching and re-engaging the Velcro became necessary to allow positioning of
the blanket and to aid in making an efficient longitudinal joint. The problem
was solved on the thermal test article by using Velcro strips with "ears" on
the MLI blanket. The ears could be grasped and pulled outward to produce a
strong attachment. Velcro pile should also be placed on both sides of the strut
at the point of attachment to secure the "ears" and provide a shear tie.

Both the compartment separation and top deck MLI blankets were designed with
nylon studs and buttons to facilitate handling. Initial problems were experienced
with these fasteners when the heat formed heads, which held the washers in
place, began to break during installation of the blanket. Examination of the
breaks showed that the nylon had become brittle when heat formed. This
problem was partly resolved by bonding the washer and the stud together
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and to the outer MLI layers. After these blankets were installed on the mockup
it became apparent that 1/2" (1.27cm) diameter heads did not support the
blanket adequately. This deficiency was remedied by replacing the nylon studs
and buttons with a 1 in (2.54cm) diameter fiberglass washer on the inside of
the blanket, tied with thread through the outer X-850 layer. The X-850 material
had good tear resistance and strength if the thread tie was looped over several
strands of the scrim cloth within the laminate. Care should be exercised to
avoid compacting the blanket with the thread tie.

The top deck MLI blanket had a flanged edge which faced aft along the vehicle
sidewall. This flange was formed during fabrication of the blanket by cutting
radial slits, folding over the edge of the layup tool and taping the cut edge
together. It was found that the flange length should be increased to compen-
sate for errors in positioning the blanket within the fiberglass support ring.
When the blanket was located off-center the overlap was nearly eliminated
from one side.

The compartment separation blanket design utilized X-850 film with Velcro
around the perimeter to attach to the lower side of a fiberglass support ring at
the mid-body location. This design did not permit tensioning of the X-850
film, and as a consequence the blanket sagged. It was decided to re-locate
the X-850 to the top of the support ring where there was access to the entire
perimeter. The MLI was separated from the X-850 in this area and placed
underneath the ring. Both the top deck and compartment separation blankets
contacted the vent line outlets on top of the LFo and LhU tanks. Since this
contact could not be avoided a small platform with Velcro attachment was
necessary to support the MLI blanket at this location.

Disassembly

The mockup was disassembled and photographed. Section cuts were made through
structural members and insulation at all the joints to evaluate fitup characteris-
tics. Sidewall blankets were removed so that internal clearances and penetrations
could be reviewed.

Figure 2.3-3 is an external view of the insulated mockup. Figure 2.3-4 is a
view of the top deck blanket and illustrates the sag problem typical for this
and the compartment separation blanket. Figure 2.3-5 is an internal view of
the top deck blanket showing contact with the vent plumbing outlet. Figures
2.3-6 and 2.3-7 show the top deck/sidewall blanket joint. Figure 2.3-6 was
taken from the inside with a portion of the restraint ring removed for clarity.
Figure 2.3-7 is a section cut through the support ring and the insulation show-
ing the lap joint.

The longitudinal ship-lap joint was viewed from the outside at the mid-body
ring in Figure 2.3-8. Figure 2.3-9 is a section view of this joint made from
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a portion removed from the mockup. The gaps could be avoided by exercising
more care in early assembly stages.

A L?2 tank support penetration is shown in Figure 2,3-10. A portion of the
compartment separation blanket is also visible. The compartment separation
blanket and Vr^ feedline penetration are shown in Figure 2.3-11. X-850 film
laminate was used as a carrier to support this blanket. The function of compart-
ment separation blanket and mid-body support ring is shown in Figure 2.3-12.
This is a view looking down. Figure 2.3-13 is a close-up of the upper and
lower sidewall and compartment separation blanket junctions. This joint reflects
the design change wherein the X-850 film was relocated to the top of the in-
sulation support ring to facilitate tensioning. Figure 2.3-14 is a view of the
lower side of the compartment separation blanket showing the junction with the
sidewall .

Figure 2.3-15 is an external view of the vehicle conical base. Figure 2.3-16
shows LH2 and L?2 engine feedlines penetrating the base blanket. It was de-
cided that flanges were needed on these and all line penetrations to allow
insulation attachment. These attachments would be made with Velcro and would
be expected to minimize the gaps evident in the photograph. The blanket was
cut from the edge to permit assembly around the lines. A good fit between
abutting edges of the conical and base blankets was difficult to obtain because
accessibility and clearance were limited. Figure 2.3-17 is a section view of
the sidewal I/conical blanket junction. This joint tended to peel when tension
was placed on either blanket, however, Velcro attachments to the adjacent struts
supported the joint.
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Figure 2.3-3: MOCKUP - VEHICLE 1-14 MLI ASSEMBLY
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MLI SUPPORT PINS 4 WASHERS

Figure 2.3-6: MOCKUP - INSIDE VIEW, LF2 COMPARTMENT
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Figure 2.3-7: MOCKUP - TOP DECK/SIDEWALL BLANKET JUNCTION
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OMPARTMENT SEPARATION BLANKET

Figure 2.3-10: MOCKUP - TANK SUPPORT/MLI BLANKET PENETRATION

COMPARTMENT SEPARATION BLANKET

FWD

Figure 2.3-11: MOCKUP - COMPARTMENT SEPARATION BLANKET
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COMPARTMENT SEPARATION BLANKET

Figure 2.3-12: MOCKUP - COMPARTMENT SEPARATION BLANKET ATTACHMENT

UPPETsiDEWALL
ML I BLANKET

COMPARTMENT
SEPARATION BLANKET

Rgure 2.3-13: MOCKUP - COMPARTMENT SEPARATION/SIDEWALL BLANKET JUNCTION
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COMPARTMENT SEPARATION BLANKET

LOWER SIDEWALL MLI BLANKET

Figure 2.3-14: MOCKUP- COMPARTMENT SEPARATION BLANKET, INSIDE VIEW

SIDEWALL MLI BLANKET

CONICAL BASE MLI BLANKET

Rgure 2.3-15: MOCKUP - CONICAL BASE AREA
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Figure 2.3-16: MOCKUP - BASE BLANKET PENETRATIONS
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CONICAL BASE MLI BLANKET

Figure 2.3-17: MOCKUP - SIDEWALL/CONICAL BASE BLANKET JUNCTION
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3.0 TASK III - DATA EVALUATION AND FINAL DESIGN CORRECTION

3.1 Design Heat Leak Corrections

In order to accomplish the stated objective of the experimental-analytical corre-
lations, to provide verification of, or empirical corrections to, the final designs,
the results of the correlation analyses were put into forms suitable for design

application. Judgement was necessary to separate the correlation results having

valid implications to design from those reflecting conditions or errors related only

to the particular test or analysis mode.

The availability of correlations for the same assembly or component with different

boundary temperatures made possible the derivation of effective conductivity or

conductance expressions involving temperature dependence. Where such expres-
sions dealt with normal conductivity through MLI, or modifications thereof
(fastener and longitudinal joint conductivity), the form of the original MLI con-
ductivity expression (Table 2.2-1) was retained. For conductivity of other com-
ponents (strut and plumbing line assembly) expressions incorporating linear functions
of temperature were derived. The correlation expressions were derived specifically
from the predicted heat flow results and then modified, as judged appropriate,
with factors reflecting the experimental heat flow results.

Table 3.1-1 shows the revised thermal design properties derived from the ex-

perimental-analytical correlations. The expression for k includes an empirical
factor of 1.2 which was drawn mainly from consideration of the ratio of measured
to predicted heat flow for Test T-4. The expressions for incremental conduct-
ances of the longitudinal joint and fasteners ( AKi. andAK., respectively), were

derived from the analytical predictions with no additional empirical factors. The

expressions for strut and plumbing line effective conductivities (Ak and Ak ,
respectively) include an empirical factor of 1.1. This factor approximates me
ratio of apparent measured heat flow to predicted heat flow for the plumbing
line. The much larger ratio that appeared to be associated with the strut was
ignored.

Table 3.1-1 includes only those properties that were required for the re-evalua-
tion of the two final designs.

3.2 Thermal Systems Optimization

The re-evaluation of the final designs was accomplished by means of additional
TATE (Tank Arrangement Thermal Efficiency) program analyses, as described in

Section 1.3.2. These analyses incorporated the revised thermal properties of
Table 3.1-1. The BETA (Boeing Engineering Thermal Analyzer) program analyses,

which preceded the TATE program analyses in the earlier evaluations of Section
1.3.2, was not repeated. The BETA analyses served only to supply temperatures
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Table 3.1-1: REVISED THERMAL PROPERTIES

Multilayer Insulation Effective Normal Conductivity K :

K = [5.16 x 10"14 (T 2 + T 2) + 3.07 x 10~8] (T. + T,),
ft'-hr-^R

[5.20 x 10"13 (T,2 + T2
2) + 9.56 x 10"8] (T, + T2) W/m-°K

Longitudinal (Single-Step Lop) Joint Incremental Unit Conductance, A K..:

AK = [-1.2 x 10'14 (T,2 + T2
2) + 9.45 x 10"9] (T, + T2),

hr- R

[-1 .14 x 10"14 (T2 + T2) + 2.77 x 10"'] (T, 2 . ,

(To obtain true conductance, multiply by total length of joint

and divide by thickness of MLI)

Nylon Fastener Incremental Unit Conductance, AK,:

AKf = [-.288 x 10"14 (T,2 + T2
2) + 3.42 x 10"9] (T, + TZ>

hr-°R

[-.833 ». 10"15 (T,2 + T2
2) + 3.05 x 10"10] (T] + TZ), W-mA

(To obtain true conductance, multiply by number of fasteners per

unit area, multiply by total area, divide by thickness of MLI)

Fiberglass Strut Effective Conductivity, K :

K$ = .0262 + .112 x 10"3 (T, + T?) BTU-ft/ft2-hr-°R

.0453 + .349 x 10"3 (T, + Tj) W/m-°K

(Conductivity based on total cross section area of fiberglass tube

and length of fiberglass tube)

Fluid Line Effective Conductivity, Kp :

Kp = .185 + .779 x 10"3 (T] + T2) BTU-ft/ft -hr-°R

.320 + 2.43 x 10"3 (T] + T2) W/m-°K

Conductivity based on total cross section area of line and total

length of line
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to be used as boundary conditions in the TATE analyses. Experience had shown
that changes in thermal conductance properties did not significantly affect
boundary temperatures, unless such changes were very large. Therefore, the
temperatures from previous BETA analyses were assumed valid and were used in

the revised TATE analyses.

The results of the design re-evaluations are shown in Table 3.2-1, which repeats
the form of Table 1.3-1 describing the earlier evaluations. The revised thermal

design properties employed in the design re-evaluations generally represent in-

creased thermal conduction between tank exteriors and interiors.

In the case of Vehicle 1-14, the low fuel and oxidizer temperatures resulted in
a tendency for a net heat flow from outside to inside the tanks throughout the

mission. Under these circumstances the increase in conductivity led to design
optimization with increased insulation thicknesses, which, as seen in Table 3.2-1,
was the primary contributor to the weight increase.

In the case of Vehicle 2-18, the increased effective conductivity, together

with higher oxidizer and fuel temperatures, resulted in net heat flow out of the

tank during the coast phase of the mission. The critical design condition then
became the end-of-ascent condition, for which the optimum design was obtained
with decreased insulation thicknesses. The reduced total heat flow into the
tank produced lower pressures at the end of the mission, resulting in reduced

helium requirements. The re-evaluated Vehicle 2-18 thermal system components
(Table 3.2-1) thus weighed less than the original as described in Table 1.3-1.

3.3 Recommendations

The experimental-analytical correlations of this program included a number of
significant disparities, particularly in the heat flow category. The indications
were that the prediction technique employed here would not yield satisfactory
accuracy to support detailed design of an actual system. Potential sources of
error and potential points of improvement could be identified in the assumptions
and approximations used in the analytical predictions.

The determination of which potential design improvements would actually benefit
prediction accuracy and which could continue to be ignored would have required

more extensive instrumentation of the test article, permitting a greater degree of
isolation of the effects under question.

Modular tests, as covered in the literature, appear to adequately verify the
fundamentals of thermal performance prediction techniques. In application to

complete tank systems, however, where interactions, fabrication and handling

effects, design compromises, and other departures from the ideal exist, the prediction
accuracy begins to break down. It is therefore recommended that further tests, with
the objective of improving thermal performance predictions, be performed with full-
or large-scale realistic tank systems, with extensive thermal instrumentation.
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4.0 CONCLUSIONS

It was concluded that a combined structural/thermal/meteoroid protection system for
the size vehicles considered in the study was impractical from a weight standpoint.
Significant weight penalties were incurred through the use of continuous shell struc-
tures due to the low shell loading.

However, an efficient design was derived by combining the thermal and meteoroid
protection system with a vehicle structure consisting of rings and truss framework.
The MLI by itself was found to be the most weight-efficient meteoroid protection
device evaluated.

When compared to a tank mounted thermaI/meteoroid protection system, there was
only a slight weight difference. Based on the mockup fabrication results, however,
it is believed that the best thermal predictability would be derived from a tank
mounted design. MLI blanket penetrations were numerous and difficult to insulate
effectively in the shell mounted protection concept.

Various shell mounted protection designs were evaluated, all being about equal in
terms of weight penalty. In several cases, concepts were chosen which differed
by only 3 or 4 Ibs (1.4 or 1.8 kg) from their nearest competitors. It is conceivable
that an externally mounted protection system, although slightly heavier, might
afford insulation fabrication simplicity at penetrations and thus yield a design with
a confidence level comparable to the tank mounted configuration.

The most promising MLI for the intended application was a combination of aluminized
mylar radiation shields alternated with net spacers. Edge evacuation rather than
broadside pumping through perforated shields was preferred.

Advanced composite materials produced the most weight efficient structural concept,
for both truss and continuous shell structures.

In order to obtain ground hold capability a refrigeration system or cold gas purge
of propellent tank compartments was necessary.

Correlation of thermal test results with predictions was inconclusive, possibly due
to cumulative handling and modification effects. A full scale or near-full scale
test representing an entire compartment would be required for an accurate appraisal
of flight system thermal performance. Extensive instrumentation would also be a
necessity."
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