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DEFINITION OF TERMS

A listing of commonly used terms and their definitions follows.
Familiarity with these terms should help the reader to understand the .
technical aspects of the document. :

Inner Line Line carrying the commodity.

Vacuum Jacket Concentric line installed over the inner
line providing an evacuated annulus for
insulation.

Composite Vacuum Jacket A vacuum jacket concept that incorporates

a thin metallic liner and composite material
to provide strength and handling damage
resistance.

Overwrap - Fiberglass composite applied on exterior
surface of the thin metal tubing liner.

Liner Thin wall metal tube under the overwrap.

Standoff Support between the vacuum jacket and the
- inner line.

End Closure Metal membrane that seals the vacuum annulus
between the inner line and the vacuum jacket.

End Fitting Metal ring welded to the ends of the liner
providing a surface for welding the end
closure and a butt weld end for attaching
one tube to another.

Solid State Bonding Explosive bonding technique used to join
©° two dissimilar metals such as aluminum to
Inconel or stainless steel.
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SUMMARY

This Topical Report presents the analytical studies and conceptual
design developed during Task I of an 18 month program being performed
under Contract NAS3-17796. The objective of this program is to develop
lightweight thermally efficient composite feedlines for the Cryogenic
Space Tug propulsion system.

Six liquid hydrogen (LHZ) feedline design concepts were developed
consisting of composite and all-metal vacuum jacketed and non-vacuum
jacketed concepts. The non-vacuum jacketed feedlines incorporate purged
and non-purged multi-layer insulation (MLI) systems with the system pre-
valve located at the engine turbopump and at the LH, tank outlet respect-
ively. The six design concepts incorporate the latest technology develop-
ments in the areas of thermally efficient vacuum jacket end closures and
standoffs, radiation shields in the vacuum annulus, thermal coatings,
and lightweight dissimilar metal flanged joints. The LHp feedline rout-
ting and design conditions are representative of the current Space Tug
configuration. All design concepts include straight line sections,
curved sections, elbows, tees, flanged joints and gimbal installations.
The composite feedline designs have sufficient flexibility to incorporate
future changes in design requirements.

The all-metal and composite feedline designs are evaluated on the
basis of thermal performance, weight, cost, reliability and reusability.
It is shown that the composite designs offer improved thermal performance
and reduced weight for each concept considered, with little increased
cost. Composite feedlines also exhibit superior damage resistance which
makes them desirable from reliability, reusability and maintainability
aspects. In addition to the LHy feedline, other propulsion systems are
evaluated for potential weight savings. It is shown that the Space Tug
propulsion system weight can be reduced by a total of 11.7 kg (25.9 1b)
by the use of composite tubing.

One of the composite and one of -the all-metal feedline design con-
cepts are recommended for further evaluation. The evaluation program
will include fabricating one all-metal and three composite LH, feedline
assemblies and subjecting them to identical test programs. This evalua-
tion will provide a direct comparison of the fabrication, cost and per-
formance characteristics of the all-metal and composite designs.



INTRODUCTION

In the continuing development of optimum performance cryogenic
propulsion systems, there is considerable interest in the optimization
" of several system parameters. These parameters include thermal flux,
total weight, cost, reliability and maintainability. The Space Tug
will require optimization of each of these parameters. Techniques have
now been developed to produce feedlines using low heat-leak composite
materials which also offer significant weight reéduction, when compared
to conventional all-metal feedlines. Because of the weight savings
and improved thermal efficiency that is possible with composite tubing
technology, the use of this concept may be effective as feedlines for
the Space Tug and for other thermally optimized, reusable vehicles.
The capability, performance and reliability of composite tubing, how-
ever, must be demonstrated. :

The objective of this program is to develop lightweight, thermally
efficient composite feedlines for the Space Tug cryogenic propellant
feed system. The program will be performed in eight tasks, as follows:

Task I - Definition of Technology Requirements
Task II - Subscale Testing and Analysis
Task III - Feedline Detailed Design
Task IV - Fabrication '
~ Task V - Testing
Task VI - Analysis
Task VII - Reporting
Task VIII - Reliability and Quality Assurance

The purpose of this report is to document the results of Task I.
The primary activities performed during Task I included:

1) A literature search to obtain the information necessary to
develop a representative feedline design configuration and design para-
meters; ‘

2) An assessment of technology developments that improve the
relative merits of composite feedlines;

3) Producing conceptual designs for six liquid hydrogen feedline
configurations;

4) Performing structural analyses to define the required feedline
wall thickness;

5) Evaluating each of the conceptual designs on the basis of
thermal performance, system weight, cost, reliability and reusability;

6) Selecting the optimum concept for detail design, fabrication
and test; and

7) Assessing the relative magnitude of potential benefits to be
derived from the use of composite feedlines on the Space Tug compared
to the standard metal feedlines.



LITERATURE SURVEY

A literature search was conducted to obtain the information necessary
to determine the Space Tug liquid hydrogen feedline design conditions and
physical configuration. This search included a review of the Space Tug
Point Design Studies, conducted by McDonnell-Douglas Astronautics Co., and
North American Rockwell (Ref. 1 and 2), the Baseline Tug Definition Docu-
ment - Rev. A (Ref. 3), Space Tug Systems Study by General Dynamics/Convair
(Ref. 4), Space Tug Systems Study (Storable) by the Martin Marietta Corp-
oration (Ref. 5), preliminary Space Tug design drawings obtained from the
NASA George C. Marshall Space Flight Center, and telephone conversations
with numerous personnel who participated in these studies.

During the literature search, it became .clear that Space Tug design
conditions and physical configuration are not yet firmly established and
will continue to change for some time. Therefore, data obtained from the
literature surveyed was used to develop a set of design parameters and a
1iquid hydrogen feedline configuration which provides design flexibility
for future application.



FEEDLINE DESIGN CONDITIONS

The conditions which affect the liquid hydrogen feedline design are
system operating requirements and environments within the Space Shuttle
cargo bay and during the Space Tug mission. The conditions defined in
the contract statement of work are considered representative and are
used in the development of the feedline design concepts. These condi-
tions are defined in Tables I, II, III & IV. The random vibration environ-
ment, Figure 1, was developed, based upon available Space Shuttle data.

A representative mission timeline, consisting of a synchronous equatorial
orbit-retrieval mission, was selected from Ref. 4, see Table 5.

The primary design objective is to demonstrate all types of compo-
site tubing technology which may be required for future feedline design
conditions and requirements.,



ASSESSMENT OF TECHNOLOGY DEVELOPMENTS

Known state-of-the-art technology developments were evaluated to assure
that optimum components were used in the development of the liquid hydrogen
feedline design concepts. This activity included an evaluation of:

1. High modulus composites for overwrapping the metallic liner on
both the inner line and vacuum jacketj;

2. Effect of»multi-layer insulation (MLI) in the annulus between
the vacuum jacket and the inner line; '

3. Lightweight and thermally efficient vacuum jacketed line end
closures and standoffs; .

4. Dissimilar metal joints as a technique of reducing the weight
of connections between sections of line; and

5. Application of thermal coatings to the composite to reduce
radiation heat transfer for those sections of feedline exposed to solar
radiation.

High Modulus Composites. - The following composites were selected
as candidate overwrap materials: S-glass, Kevlar 49 DP-01, graphite and
boron. These composites were evaluated by comparing mechanical proper-
ties, thermal conductivity, resistance to fatigue failure, weight and
cost. Evaluation of the application of the composite materials will be
performed during Task II, when subscale test specimens are overwrapped
using each of the candidate composites except boron.

Composite properties: The physical properties and cost of the
candidate composite materials are defined in Table VI.

The thermal conductivity of S-glass, boron and graphite over a
temperature range of 28°K to 305°K (50°F to 550°R) as reported by Gille,
Ref. 8, is defined in Figure 2. The thermal conductivity of Kevlar 49
at ambient temperature is reported in Ref, 7, as follows:

. Conductivity (transverse to fibers) = 0.149 W/m-°K (0.086 Btu/hr-ft-oF)
Conductivity (parallel to fibers) = 1.747 W/m-°K (1.01‘Btu/hr—ft-oF)

The key differences in composite properties are minimum wrap thick-
ness, density, cost and thermal coefficient of expansion. It is noted
that the thiner minimum wrap thickness and the lower density of graphite
results in a high percentage of composite weight reduction. The negative
coefficient of expansion characteristic of Kevlar 49 DP-01 is very un-
desirable for use with LH,, but would probably be acceptable for use on
feedlines having less temperature extremes. S-glass is superior to the
other composites from a cost and fabrication experience standpoint.



Resistance to fatigue failure: A comparison of the fatigue behavior
of the unidirectional composites, stainless steel and aluminum (as reported
in Ref. 7), is shown in Figure 3. The difference between the fatigue be-
havior of a composite and that of a metal structure, Ref. 9, is depicted
in Figure 4. The primary mode of damage in a metal structure is cracking.
Cracks propagate in a well defined manner with respect to the applied stress,
and the critical crack size and rate of crack propagation can be related to
specimen data through analytical fracture mechanics. In this discussion,
the critical damage size is defined as that amount of damage at which
the composite will no longer be structurally adequate. In general, the
crack initiation time [defined as the time to detectable cracking (in-
spection threshold)] occupies a large part of the fatigue life of a metal
part. It should be noted that all structures have some initial damage
in the form of micro-cracks, surface imperfections, inclusions and other
stress risers and that much of the so-called crack initiation time involves
propagation of this damage to detectable size. With composite structures
there is no single damage mode which dominates. Matrix cracking, delamin-
ation, debonding, voids, fiber fracture and composite cracking can all
occur separately or in combination, and the predominance of one or more
is highly dependent on the laminae orientations and the loading conditions.
In addition, the unique joints and attachments used for composite struc-
tures often introduce modes of failure different from those typified by
the laminate itself. :

Referring to Figure 4, the composite damage propagates in a less
regular manner and damage modes can change. Present experience with
composites indicates that the rate of damage propagation in composites
does not exhibit the two distinct regions of initiation and propagation.
Although, as mentioned above, the crack initiation range in metals is
actually propagation, there is a significant quantitative difference in
rate. This quantitative difference appears to be less apparent with
composites. This observation is quite subjective and apparently de-
pendent upon the observer's definition of initiation. Some investi-
gators have observed matrix crazing and other indicationms early in their
tests, but have reported short time rapid propagation, because they
define the latter, based upon their experience with metals, as crack
propagation. Indeed, composite cracking may occupy only a small part
of the fatigue life at the very end, but we can certainly make use of
all the earlier indications which are prevalent.

It is expected that composite materials will be more damage tolerant
than metals. This expectation is based upon limited experience and will
depend upon the laminae orientations (unidiréctional composites are sub-
ject to splitting) and the loading conditions, but in general, it can be
argued that each fiber is a separate load path and that a composite is,
therefore, highly redundant.



Thermal stresses: The computation of the stresses induced into
the composite, as a result of delta temperature, assumes that the liner
and overwrap deflect an equal amount with temperature changes, i.e.,
the overwrap is attached to the liner end fittings or its movement is
restricted by the end fittings. The derivation of an equation to deter-
mine axial stresses in the liner and overwrap is presented below:

The deflection (AL) of the composite tube due to temperature

change = a (AL)L and the deflection due to internal forces = %%
where,
= Coefficient of thermal expansion
AT = Change in temperature, (negative if temperature is lowered
and positive if temperature rises)

L = Tube length

F = Force

A = Cross sectional area

E = Modulus of elasticity.
Subscripts:

L indicates liner
OL indicates longitudinal overwrap
OH indicates hoop overwrap.

The deflection of the tube in the longitudinal direction can be expressed

as: F L
AL = o (ADL +—LL-T= = ey (ADLy + o2k = a  (ADL +
ALEL | | OL"OL
FOHLOH
Boufon
But, Ly = Loy = Lon
and F = (A L/L-‘ aLAT) (ALEL) .
Fop, = (AL, -2 AT (A E OL)‘
Fog = (AL -« AT) A ouFon)

Since the forces in the liner and overwrap must be equal at equilibrium
conditionst



2F=0or F +Fy +Fy =0 then,

AE (AL - AT) + Ay B (ALj-ay AT) + AuEL (AL aq, AT) = O
AL (AE + AgEy + Agfop) - AT(x AR + @y AorEoL * %ontonfor’ = ©
AT( a A B+ Ay Bor aOHAOHEOH)
or L AE +A_E_ +A

L L OL OL OH OH

Now, since the axial stress (S8) is equal to the force divided by
the cross sectional area, the axial stresses in the liner, the longi-
tudinal overwrap and the hoop overwrap can be determined from:

FL
S, = A = (AL, -, AT) Ef
F
- OL _ - '
SoL & (AL - %5 AT) Egp,
oL
F
- OH _ - '
Som = Aoy (ALyp- @y AT) Egy

The following prbperties were constant for each overwrap material:
Liner - 0.013 cm (0.005 in.) wall Inconel 718

Overwrap pattern - consists of two hoop 1ayers and a 1/2 longitudinal
layer of cloth strips.

EL - 22,100,000 N/cm (32,000,000 psi)

a; - 2.68 x 10-6 cm/em/°K (4.82 x 10-6 in/in/oF)

AT - 272°k (490°F)
The stresses predicted by this analysis for a 10.2 cm (4 in.) diameter

composite line overwrapped with the candidate composite materials are as
follows:

AXTAL STRESS WITH RESPECT TO TUBE CENTERLINE
Composite Composite Hgop Overwrap Composite Longitudinal
Material N/cm“ (psi) Overwrap, N/cm? (psi) (1)
S-Blass 1,193 (1,730) -6315 (-9160)
Kevlar 49 DP-01 7,726 (10,555) -27,030 (-39,210)
Graphite 3,164 (4,590) -17,225 (-24,985)
Boron- 3,433 (4,980) -20,402 (-29,594)

(1) Negative sign indicates compression.




The compressive stress in the Kevlar 49 DP-0l1 approaches the
allowable for this material, Ref. Table VI. The stresses for boron,
graphite and S-Glass are well within the allowable limits.

Summary-evaluation of composites: The evaluation parameters for
each of the candidate composites are summarized in Table VIL. The cost
and weight comparison is based upon the composite material required to
overwrap one liquid hydrogen feedline assembly. S-Glass or graphite are
the two most promising materials. The final selection, however, should
be based on system sensitivity to weight, assuming difficulties are not
encountered in the application of the overwrap or test. - This will be
determined during the overwrap of the subscale test specimens in Task II.

Effect of Radiation Shields in Vacuum Jacketed Line Annulus. - The
primary requirement for radiation shields in the vacuum jacketed lines is
to reduce the radiation component of heat transfer. Radiation shields
exhibit a low emittance, thereby reducing the effective emittance and
consequently the overall heat flux. The key considerations for radiation
shields in a vacuum annulus are effective emittance, system heat flux,
weight and cost. These parameters versus the number of layers of radia-
tion shields are depicted in Figure 5.

The addition of radiation shields also reduces gas conduction at
higher gas pressures because the voids between components of insulation
are reduced; thus the mean free path of gas molecules is no longer an
influence. This is especially true in ground operations where vacuum
maintenance is critical to maintaining low LH9 boiloff rates.

Effective emittances: Emissivity measurements made of vacuum annuli
without radiation shields and data from the literature of candidate mater-
ials (see Table VIII) indicate that the emissivity of cleaned Inconel
surfaces is about 0.20 at ambient temperatures. Under these conditionms,
the effective emissivity for radiation exchange across the vacuum jacket
is approximately 0.0758. This is equivalent to a net radiation transfer
rate of 46.4 W/m2 (14.7 Btu/hr-ft2) or about 51% of the total heat leak
on the LHy vacuum jacketed metal line without radiation shields. A corres-
ponding composite line has an effective emissivity of 0.225 and net radia-
tion transfer rate of 138 W/m2 (43.6 Btu/hr-ft2) or about 75% of the total
heat flux for a jacket temperature of 3220K (120°F). The effective emis-
sivity of a composite line can be reduced by applying a thermal coating on
the composite overwrap surface or by the addition of radiation shields.
Eight radiation shields will yield an effective emissivity of 0.00147 and
eliminate 98.1% of the heat flux due to radiation. The "Superfloc" radia-
tion shields proposed approach. an idealized assembly, i.e., where the
radiation shield is defined as an isothermal surface of low emittance
having no direct contact with adjoining surfaces and/or boundaries. ''Super-
floc" is a high performance superinsulation (aluminized mylar separated
by flocked tufts of Dacron fibers) manufactured by General Dynamics/Con-
vair, San Diego, California. :

The solid conduction component of heat transfer from the Superfloc
radiation shields contributes approximately 0.4 W (1.5 Btu/hr) or less
that 0.6% of the total heat flux for the vacuum jacketed feedline.



Weight and cost of radiation shields: ' The density of the eight radia-
tion shields consisting of 6 layers of Superfloc and an inner and outer
protection shield is 0.22 kg/m2 (0.0445 1b/£ft2) or 0.21 kg (0.47 1b) for
the entire feedline. The cost of eight layers of Superfloc is $1,145 for
one feedline assembly. The Superfloc insulation is used in the analyses
presented herein and is depicted in the feedline conceptual designs. A
less expensive MLI, however, will be used on the test specimens, because
of the higher cost for Superfloc. Both composite and non-composite
test specimens will be insulated identically for comparison of thermal
performance. The difference in the thermal characteristics of Superfloc
and the test insulation will be considered in comparing test and theore-
tical results. ' ‘

Vacuum Jacketed Line Standoffs and End Closures. -The conventional
vacuum jacket proposed is a double walled construction with the annulus .
between the concentric walls evacuated. The thermal e ffectiveness of this
design is dependent upon the level of vacuum and the method of outer to
inner wall support and attachment. The liquid hydrogen line vacuum jacket
is supported from the inner line by nine standoffs. End closures sealing
the vacuum jacket to the inner line are provided at six locations and are
adjacent to the flanges., Figures 7 and .8 describe the concepts evaluated
for standoffs and end closures respectively with corresponding heat flux
and weight values. : ‘

Concept (a), Figure 7, was selected as the optimum vacuum jacket
standoff for the following reasons:

Low heat fiux; - g
Good load carrying characteristics;
Resistance to damage and good maintainability.

The proposed standoff design consists of a stainless steel ring with
a hat-shaped cross section welded to the vacuum jacket. Thermal losses
through the standoffs are minimized by the tortuous leak path through
the metal spring which is isolated from the cold surface of the inner
line by Teflon blocks. ‘The Teflon blocks also prevent surface wear by
preventing metal-to-metal contact of the standoffs to the immer line.
The non-metallics will require vacuum baking at elevated temperatures to
reduce outgassing. A clearance of 0.15 cm (0.06 in.) is provided between
the base of the hat section and the inner line., This allows the hat-
section to uniformly distribute loads from the vacuum jacket to the
inner line.

The other designs, although lighter weight, do not provide uniform
load dissipation, overload protection or competitive thermal characteris-
tics. ' ‘

Concept (c), Figure 8, was selected as the optimum vacuum jacket end
closure; because it offers the highest thermal efficiency and acceptable
structural and fabrication characteristics.



The end closures consist of a number of contracting and expanding
cones of increasing diameter welded together. The design concept may be
incorporated both at the flexible joints and at the vacuum jacket termi-
nations adjacent to the line flanges.

Lighter weight end closure concepts, shown in Figure 8, were not
selected, because of poor thermal characteristics, higher fabrication
costs and poor structural reliability. A heat flux of 33 W (113 Btu/hr)
per concept (a), Figure 8, would approximately double the total liquid
hydrogen boiloff that will exist with concept (c).

Evaluation of Dissimilar Metal Joints. - Four techniques of joining
dissimilar metal (304L stainless steel to 2219-T851 aluminum) tubes were
evaluated. The techniques consisted of inertia welding, coextrusion bond-
ing, swaged and explosive welding. Fifteen joints 6.4 cm (2.5 in.) 0.D.,
by 0.3 cm (0.125 in.) thick wall, by 7.6 cm (3.0 in.) long were fabricated
using each of the joining techniques. The joints were subjected to a test
program and evaluated for application in the liquid hydrogen feedline
design. The fabrication and testing of these joints was performed under
Contract NAS9-13570, Dissimilar Metals Joint Evaluation, Report No.

MCR 74-88, The Martin Marietta Corporation, April, 1974. The results
and conclusions of this contract are discussed in the following paragraphs.

Results of dissimilar metal joint evaluation under Contract NAS9-13570:
The purpose of this contract was to develop the production technique for
6.35 cm (2.50 in.) diameter bimetallic transition joints from 2219-T851
aluminum to 304L stainless steel by four methods, and to compare their
relative performance through a series of tests. Also, an evaluation was
made of the costs and constraints of applying the production methods to
larger joints up to 43 cm (17 in.) diameter.

A total of twenty-one joints were fabricated by inertia welding (fric-
tion welding) using a Caterpillar Tractor Co, welder. The joints were manu~
factured by Interface Welding Company of Carson, California. Attempts were
made to weld the 2219 directly to the 304L by exploring all adjustable
machine parameters, by using different configurations and by using both
T851 and T351 tempers. This resulted in a poor quality bond, so it was
elected to provide an intermediate layer of 6061-T6 aluminum, which is
more readily weldable to.each of the other materials. The production
process which evolved welded the 6061-T6 to 2219-T851, then welded the
refaced 6061 to 304L. The completed joint was art1f1c1a11y aged to re-
cover 6061-T6 aluminum properties in the thin intermediate layer.

A total of eighteen joints were fabricated by explosive welding. They
were manufactured by Martin Marietta Corporation, Denver Division. The
configuration chosen featured a scarf angle at the interface, in order to
provide more bond area to dissipate stresses. The joints used an inter-
mediate layer of sterling silver bonded to the T851 condition aluminum,
with the 304L stainless steel then bonded to the silver. No ageing or
stress relieving operations were performed during assembly of these joints.
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Fifteen joints were fabricated by coextrusion bonding. To fabricate
a joint, the 2219 aluminum was placed in intimate contact with the 304L
stainless steel within an extrusion billet. After heating, the billet.was:
extruded to promote the diffusion between the aluminum and stainless
steel. After preliminary machining, the joint was solutionized and
quenched, subjected to 1 to 3% cold deformation and artificially aged
to bring the aluminum to T851 condition.,

Fifteen joints were prepared by swaged constructlon. They were-manu-
factured by Metal Bellows Corporation of Chatsworth, California. The
joint was formed by mechanically swaging a cylindrical section of 304L
stainless steel within a serrated 2219 aluminum collar. The sharp edges
of the serrations were held in intimate contact with the opposing piece
due to the high residual stresses following swaging (tensile in the alu-
minum and compressive in the stainless). .

Tests were performed to compare the structural integrity and leakage
resistance of the four joint types. Tests consisted of proof, leakage,
NDT, thermal cycle, pressure cycle, galvanlc corrosion, burst and metallo-
graphic 1nspect10n. :

The overall results of the test program were excellent. A parametric
evaluation of the four joint configurations is provided in Table IX. Each
joint type (in at least one phase of testing) exhibited an advantage over
the other joint types, when all test results were compared. Thus, one
fabrication technique .could prove to be more suitable than the others for
a given application. A brief summary of the test results .follows. All
joint types exhibited good mechanical strength. All joint types were
essentially leak-free except for the swaged construction and some of the
explosive welded joints. All joint types exhibited-a yield pressure of . ;
from 2100 N/cm® (3000 p51g% to 2800 N/cm? (4000 psig) and a burst pressﬁre :
of approximately 5000 N/cm“ (8000 psig). All joint types withstood expo-
sure to thermal cycling without apparent degradation and exhibited reason-
able life when subjected to pressure cycling. The inertia welded joints
showed the best resistance to pressure cycling (at a stress level equi-
valent to that produced by proof pressure), surviving to about 170,000
cycles, and failed in the parent aluminum material. The galvanic corro-.
sion test, while harsh (items unprotected while immersed in a NaCl/HZO
bath), 1nd1cated that the swaged construction and explosive welded joints
exhibited a reasonable resistance to galvanic corrosion. Of all joint:
types, the inertia welded joints were more severely attacked.

Unfortunately; manufacturing problems . forced delivery of most of
the coextruded joints too late for complete:evaluation under this.test . ..
program,

Conclusions, d1531mllar metal joint evaluatlon- The . f0110w1ng

determinations were made with respect to the 6. 4 cm (2.5 in.) 0.D. Joints
produced by inertia welding.
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1. A weld between 2219-T851 and 304L could not be made without an
intermediate material. -

2. A layer of 6061-T6 is a suitable intermediate material between
2219-T851 and 304L. '

3. The process was found to be consistent and reliable, as critical
paremeters are controlled by machinery rather than by personnel.

4, The joints exhibited excellent fatigue strength when compared
to the parent 2219 aluminum.

5. The joints exhibited poor galvanic corrosion resistance compared
to the explosive welded and swaged construction joints, when submerged
in a NaCl/Hy0 electrolyte.

6. The joints exhibited excellent thermal cycle resistance when
cycled between 78K (-320°F) and 375K (+215°F).

7. The joints exhibited excellent leakage resistance.

8. The joints failed axially at the 304L/6061 bond interface when
hydroburst, with little apparent ductility.

9. The 2219/6061 and 6061/304L bonds were found to have metallur-
gical diffusion.

The following determinations were made with respect to the 6.4 cm
(2.5 in.) 0.,D, joints produced by explosive welding.

1. The process is more subject to inconsistency when compared with
inertia welding or swaged construction, as several critical parameters
are controlled by workmanship of personnel..

2. A tubular weld between 2219-T851 and 304L can be successfully
made on a scarf angle, using a sterling silver intermediate layer.

3. The joints exhibited about 207% of the fatigue strength of the
parent 2219 aluminum. . - :

. 4, The joints exhibited galvanic corrosion resistance between
inertia welded and swaged construction joints when submerged in a NaC1l/

H20 electrolyte.

5. The joints exhibited good thermal cycle resistance when cycled
between 78K (-320°F) and 375K (+215°F).

6. The joints exhibited good leakage resistance when once verified
leak free after manufacture.
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7. The joints failed in an axial shear mode partly in the 304L/Ag
bond, and partly in the aluminum parent metal when hydroburst.

8. The 304L/Ag and Ag/2219 bonds were found to have metallurgical
diffusion.

The following determinations were made with respect to the 6.4 cm
(2.5 in.) 0,D. joints produced by swaged construction.

1. A tubular joint may be made between 2219-T851 and 304L, but
additional development is necessary.

2. The joints exhibited about 407% of the fatigue strength of the
parent 2219 aluminum,

3. The joints exhibited better galvanic corrosion resistance than
inertia welded or explosive welded joints when submerged in a NaCl/H20
electrolyte. This resistance is due to anodization of the aluminum
portion prior to assembly which is not feasible on the other joint types.

4, The joints exhibited excellent thermal cycle resistance when
cycled between 78K (-320°F) and 375K (+215°F).

5. Most of the joints were not leak free. It is felt that the
leakage could be remedied through development.

6. The joints failed in an axial shear mode in the stainless por-
tion or the the joint pulling slightly apart, but always in a leak-before-
burst mode.

The following determinations were made with respect to the 6.4 cm
(2.5 in.) 0,D, joints produced by coextrusion.

1. 'A joint between 2219-T851 and 304L, although possible, presents
serious problems during fabrication, particularly during the heat treat-
ment portion of the process. ‘

2., The joint tested exhibited excellent thermal cycle resistance
when cycled between 78K (-320°F) and 375K (+215°F).

3. The joints tested exhibited excellent leakage resistance.

The following determinations were made with respect to producing
larger size 20.3 cm (8.0 in.), 30.5 cm (12.0 in.) and 43.2 cm (17.0 in.)
0,D, joints., - '

1. The least expensive joint to manufacture in larger sizes (once
tooling has been purchased) is the swaged construction.

2. Inertia welded, explosive welded and swaged construction joints
appear practical to manufacture in larger sizes. The coextruded joint
is not a good candidate for larger sizes in 2219 aluminum alloy if it -
must be heat treated.
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3. The construction method which is potentially lightest weight is
inertia welding, due to its butt joint configuration.

The successful development of dissimilar metal joint fabrication
techniques provides the capability of using lightweight overwrapped
Inconel tubing and lightweight aluminum flanges. A typical dissimilar
metal flange joint configuration is depicted in Figure 9. As shown,
the thin stainless steel tubular section of the flange is welded to the
thin Inconel tubing liner. The thick section of the flange is aluminum.
This flange reflects the low profile design developed by NASA MSFC. The
flange dimensions were determined by computer analysis developed by the
Lockheed Missiles and Space Company under Contract NAS8-28614, Ref. 10.
The resulting flange dimensions are charted in Figure 9 for the Space Tug
liquid hydrogen feedline. A comparison of the all-stainless and dissimi-
lar metal joint flange weights shows 0.14 kg (0.3 1b) can be saved per
flange using dissimilar metal joints.

The cost for fabrication of the dissimilar metal joints are compared
below., These costs are based on a quantity of 12 each and do not include
machining of the flange face which would be the same for each type of
joint. It should be noted that the costs for machining the aluminum
flange on a dissimilar metal joint would be less than for the all stain-
less steel flange, because of the easier machinability of aluminum.

This would partially offset the cost of the dissimilar metal joint, when
compared to the all stainless steel flange.

TYPE OF DISSIMILAR

METAL JOINT COST/JOINT
Coextrusion Bond " $485.00
Explosive Welding $310.00
Swaged Construction $200.00
Inertia Welding - $170.00

. Evaluation of Thermal Coatings on Composite Lines. - The temperature
of a surface exposed to solar radiation in a space environment will reach
an equilibrium temperature consistent with an energy balance between the
rate of solar energy absorption and the rate of infrared emission. The
solar energy absorbed is a function of the solar absorptivity (a« ,) and
the projected area normal to the incident radiation,and the emitted
energy is a function of the surface emissivity and the total radiation
area. The equilibrium temperature is given by: '

S A o 1/4
T = c s S
Z A e :

Solar constant, 1355 W/m2 (430 Btu/hr-ftz) in near-Earth
environment;

where S
c

o 2 2
Projected area normal to solar radiationm, m (ft. )

>
I
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a = Solar absorptivity

s
Z = Stefan Boltzmann Constant, 1.798 x 10-8 W/m?-°K4
(0.1713 x 10"8 Beu/hr-££2-°")
. 2 2
A = Radiation area, m (ft. )
€ = Surface emissivity

Typical temperatures for an insulated flat plate, a semi-cylinder,
an uninsulated flat plate and a bare cylinder are given in Table X for
an o /e =1 and @ /e = 0.24/0.88. The feedline solar radiation sur-
face approximates a semi-cylinder, i.e., the line is assumed to be routed
adjacent to a tank or structure so that the back side is not exposed.
" The predicted equilibrium temperatures for metal and composite lines
with and without thermal coatings are compared in Table XI. As indicated
the composite lines without thermal coatings will reach an equilibrium
temperature of 350°K (170°F). This will not cause structural degradation
but will reduce thermal performance. Thus, exposed sections of the feed-
line which have the potential of reaching high localized temperatures
should be covered with a coating having a low as/e . Recommended coatings
are given in Table XII. '

The feedline design concepts that include multi-layer insulation
(Superfloc made from double aluminized Mylar film with Dacron flock tufts)
should be configured so that the outer layer of insulation has the alumi-
nized coating facing inward. The outer non-aluminized Mylar surface will
have an @ fe= 0.25 and will, therefore, reach an equilibrium temperature
of approximately the same as the thermally coated surfaces.

The thermal coating adherence characteristics are a function of
material, surface finish and environments. 1If thermally coated composite
lines without multi-layer insulation are to be used in a solar radiation
environment, coating application techniques should be developed and tested.

Summary - Assessment of Technology Developments. - The following
conclusions are drawn from the. evaluation of technology developments
applicable to composite feedlines:

1. Graphite/epoxy provides the lightest weight structurally accept-
able overwrap material of the composites evaluated.

2. The radiation component of heat transfer in the vacuum jacketed
feedline is minimized by the installation of eight radiation shields in
the vacuum jacket annulus. )

3. Thermally efficient vacuum jacketed line end closures and stand-
offs significantly reduce liquid hydrogen boil-off, as compared to non-
optimum designs. The boil-off losses are more significant from a system
aspect than the end closure or standoff component weight.
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4. The fabrication and testing of dissimilar metal joints that has
been completed shows promising results. When fully developed, dissimilar
metal joining techniques will provide the capability of using lightweight
aluminum flanges with lightweight composite tubing.

5. All-metal or composite lines which are exposed to solar radiation
and not covered with insulation should be thermally coated to reduce line
surface equilibrium temperature.
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LIQUID HYDROGEN FEEDLINE DESIGN CONCEPTS

Six concept designs for the Space Tug liquid hydrogen feedline were
developed. These concepts are defined, as follows:

" CONCEPT ‘ LINE'
NUMBER . CONFIGURATION CONDITION INSULATION

1 Vacuum Jacketed Metal Wet ’ None

2 Vacuum Jacketed Composite Wet None

3 Non-Vacuum Jacketed Metal Wet Purged MLI
4 Non-Vacuum Jacketed Metal Dry MLI

5 Non-Vacuum Jacketed Composite Dry MLI

6 Non-Vacuum Jacketed Composite Wet Purged MLI

Concept No. 3 is the baseline concept for evaluation and comparison with
the other concepts. The line condition "wet" is defined as a configuration
that has a prevalve located near the engine turbo pump and the feedline is
full of liquid from the time of ground propellant loading until the flight
mission is complete and propellant is dumped prior to reentry. The line
condition "dry" is defined as a configuration that has a prevalve located
at the feedline/LH2 tank interface. Two operational plans were evaluated
for the dry line condition:

1. Mode II: The prevalve is closed during propellant loading and
remains closed until the first engine burn during the mission; the valve
then remains open, leaving the feedline full of propellant from that time
until the mission has been completed.

2. Mode III: The prevalve is closed during propellant loading and
remains closed at all times during the mission except during engine burn.
The line is dumped after each burn.

These designs are depicted by the concept design drawings included
in Appendix A. All design concepts include curved and straight line
sections and are representative of anticipated Space Tug feedline routing
and interface characteristics. The feedline assemblies consist of three
flanged line sections to facilitate installation and handling. All con-
figurations include three gimbal joints to accomodate structural and ther-
mal deflections. ,

The vacuum jacketed configurations have eight layers of multi-layer
insulation- (MLI) in the vacuum annulus, a. thermal coating on the exterior
surface of the vacuum jacket and 11ghtwe1ght/thermally efficient end
closures and standoffs.

The composite lines are overwrapped with a layer of machine hoop
wrapped 20 end roving, a half layer of longitudinally oriented glass cloth,
and a final layer of hoop wrap. The use of graphite epoxy would reduce
the feedline assembly weight by approximately 0.8 kg (1.7 1b) but was not
selected because overwrap application has not yet been demonstrated. :
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All composite feedline concepts include inertia welded dissimilar
metal (aluminum to stainless steel) flanged joints. This dissimilar metal
flange configuration reduces the LH, feedline system weight by 0.8 kg
(1.8 1b) and could be used with the all metal configurations, as well as
with the composite lines. They were not used in the all-metal configura-
tions, because dissimilar metal joints are not shown on any of the current
Space Tug feedline preliminary designs.

Feedline Routing Considerations. - The key considerations and rationale
used in the development of the feedline configurations depicted by the
drawings in Appendix A are:

1. Current cryogenic Space Tug feedline design concepts;
2. Influence of vehicle configurations drivers; and
3. Line motions resulting from structural and thermal deflections.

Current Space Tug feedline design concepts: A review of available
Space Tug literature and contacts with contractor personnel continuing to
work cryogenic Tug studies indicated that the design conditions are still
preliminary and will continue to change. Anticipated feedline routing
requirements will include straight line sections, curved line sections,
short radius elbows, tees, fittings, flexible joints and external supports.
The feedline routing developed for the six design concepts will demonstrate
composite line technology for each of these requirements.

Configuration drivers: The anticipated influence of the various
Space Tug Vehicle configuration drivers was determined and factored into
the feedline configurations. Examples of configuration drivers are:
feedline design conditions (defined earlier), type of LH, tank insulation
system, interface and packaging constraints and operational requirements.
Table XIII depicts the anticipated configuration drivers, effected feed-
line characteristics and plan for evaluation.

Line motions: The feedline design must accommodate the effects of
temperature extremes 367°k to 21°K (200°F to -423°F), system operation
pressure, propellant weight and interface translational and rotational
motions resulting from vehicle acceleration and vibration. An analysis
was performed to predict the thermal effects and establish the interface
motions. The resulting line deflections and angulation requirements are
defined in Figure 10.

Each of the feedline assemblies include three gimbal joints to accom-
modate the interface motions and temperature extremes. These joints are
a standard design by Stainless Steel Products, Inc. The design was used
on the Saturn SIVB stage in liquid hydrogen vent lines. The joint is
designed for low pressure and light weight, 0.9 kg2(2.01 1b). The joint
is capable of 0.087 rad. (+ 5°) motion and 55 N/cm“ (80 psig) proof pres-
sure at ambient temperature. '
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Multi-Layer Insulation. - Various multi-layer insulation (MLI) sys-
tems were investigated for the LH, feedlines. The objectives were to
find a system which is lightweight, readily purgeable during ground
operations, easily installed on the feedline, thermally acceptable for
insulation performance over all phases of the mission and reusable with
minimum degradation and maintenance for the life of the vehicle. A
description of the proposed system, rationale for component selection,
system performance and weight sensitivities are presented in the following
paragraphs. :

The MLI consists of 0.00064 cm (0.00025 in.) doubly aluminized mylar
radiation shields separated 0.08 cm (0.030 in.) by Dacron flock tufts.
The MLI is helically wrapped from a 5.1 cm (2 in.) wide spool with a 2.54
cm (1 in.) overlap, on the non-vacuum jacketed feedlines to a thickness of
2.5 cm (1 in.) (approximately 30 layers per inch). A protective purge bag,
G. T. Schjeldahl Co., Northfield, Minnesota, P/N X-850 or equivalent laminate,
0.0178 cm (0.007 in.) thick and 0.078 kg/m;3(0.016 lb/ftz), is wrapped
around the MLI for protection from handling damage and external environ-
ment including water vapor, salt spray, dust, etc. The purge bag axial
and circumferential seams are bonded with a Crest Product Co., P/N 7410
A & B, adhesive. Only the inside of the purge bag is aluminized to
reduce the exterior operation temperature. The externally mounted purge
bag can be effectively preconditioned to remove constituents such as
absorbed water vapor which will outgas in space, purged to remove con-
densible gases prior to propellant loading and repressurized during entry
to prevent ambient gas from contaminating the system. The inclusion of
a sealed purge bag eliminated the requirement for expensive gold-coating
of the MLI radiation shields to prevent damage of the shields from moisture.

A helium purge system is installed at one end of the feedline for
the design concepts using a purged MLI insulation system. Phenolic stand-
offs are bonded to the feedline providing an enclosure at the MLI ends for
application of the helium purge. The helium will flow from one end of the
feedline to the other where it will be vented to the atmosphere., A hot
helium purge will be initiated prior to propellant loading to drive off
any residual moisture. The configuration of the MLI (both purged and

non-purged designs) are depicted on the concept design drawings in Appendix
A, :

The Dacron flock (Superfloc) between radiation shields was selecfed
over other spacer materials, e.g., foam, glass fabric, crinkled film,.
silk, nylon screen, etc., because of the following:
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1. Low weight per unit area 0.316 kg/m2 (0.0648 lb/ftz) for 30
layers Superfloc;

2. Excellent dimensional stability; and

3. Excellent capability to carry compressive loads (947% compression
recovery).

Superfloc has been subjected to considerable subscale thermal and
structural testing and has been wrapped successfully on a 7.6 cm (3.0 in.)
cryogenic feedline complete with purge system and purge bag. The Super-
floc system possesses excellent interstitial gas venting characteristics
and offers maximum thermal performance for a given number of layers. It
exhibits a balance between the desire to reduce weight and the capability
of the spacer material to carry loads without suffering a substantial
increase in heat transfer. The weight of the MLI has been calculated as
follows:

2 2

kg/m (1b/ft )
30 .layers of Superfloc 0.32 (0.0648)
Laminated aluminized purge bag 0.08 (0.0160)

Total 0.40 (0.0808)

Concept 1, Vacuum Jacketed Metal Configuration Description. - Con-
cept 1 consists of an all-metal conventional vacuum jacketed line assembly.

The inner line is 0.058 cm (0.023 in.) thick stainless steel sheet,
formed to the configuration shown in Appendix A. Low profile stainless
steel flanges are welded to the inner line for interfacing with the pre-
valve, located at the engine interface and with the liquid hydrogen tank.
Two additional flange joints are provided which divide the feedline assembly
into three line sections. A tee connection is provided for LH2 £ill and
drain through the feedline, if required.

Each of the line sections are vacuum jacketed for thermal insulation.

The vacuum jacket consists of a 12.7 cm (5.0 in.) 0.D. by 0.06 cm (0.025
in.) thick stainless steel tube supported to the inner line by standoffs
and sealed at the ends by end closures. The standoffs and end closures
are of the optimum configurations shown in Figures 7 concept (a) and 8
concept (c) respectively. Eight layers of Superfloc insulation are in-
stalled in the vacuum annulus to reduce radiation heat flux. Internal
0.06 cm (0.25 in.) radius convolutes on 22.8 cm (9.0 in.) centers are
formed in the vacuum jacket for resistance to external pressure loading.

Each of the line sections contain a flight weight vacuum sensing

connection, vacuum acquisition valve and a burst disc for over pressure
relief.
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The feedline assembly contains three vacuum jacketed gimbals welded
into the inner line and into the vacuum jacket. The vacuum annulus is
continuous through the gimbals.

Concept 2, Vacuum Jacketed Composite Configuration, - Concept 2 is
of the same physical geometry as Concept 1. The gimbals, prevalve location,
vacuum components, MLI insulation, standoffs and end closure designs are
identical to Concept 1.

The vacuum jacket consists of a 0.021 cm (0.009 in.) thick Inconel
718 liner overwrapped with 2 hoop layers of S=Glass roving applied in a
+ 0.09 rad (+ 5 degrees) helical pattern. Convolutes of 0.64 cm (0.25 in.)
radius are formed in the vacuum jacket on 3.8 cm (1.5 in.) centers for -
resistance to external pressure loading.

. The inner line consists of a 0.02 ecm (0.008 in.) thick Inconel 718
tube liner overwrapped with two hoop layers of S-Glass roving and longi-
tudinal strips of glass-fiber cloth sandwiched between the hoop layers.
The flange locations are identical to Concept 1. The flanges are inertia
welded stainless steel to aluminum joints of the configuration discussed
earlier,

"

Concept 3, Non-Vacuum Jacketed Metal, Wet, Purged MLI, Configuration. =~
Concept 3, a conventional all-metal feedline insulated with helium purged

MLI, was established by NASA as the baseline for competitive comparison
with the other design concepts. The prevalve is located at the engine
turbo pump interface., The gimbal system (except non-vacuum jacketed),
flange designs and routing are identical to Concept 1. The feedline is
10 cm (4.0 in.) 0.D. by 0.05 cm (0.020 in.) thick stainless steel tubing.

The insulation system consists of 30 layers of double aluminized
Superfloc, as defined earlier.

Concept 4, Non-Vacuum Jacketed Metal, Dry, MLI, Configuration. -
Concept 4 is identical to Concept 3 except the prevalve is located at the
liquid hydrogen tank interface and the insulation system is not purged.

Concept 5, Non-Vacuum Jacketed Composite, Dry, MLI, Configuration. -
Concept 5 is identical to Concept 4 except the pressure line is a composite
overwrapped design and dissimilar metal (aluminum to stainless steel)
flanges are used. The pressure line is 0.013 cm (0.005 in.) thick Inconel
718 overwrapped with two layers of S-Glass roving and longitudinal strips
of glass-fiber cloth identical to the overwrap on the Concept 2 inner line.

' Concept 6 Non-Vacuum Jacketed Composite, Wet, Purged, MLI Configur-
ation. - Concept 6 is identical to Concept 3 except, as in Concept 5, the

pressure line is a compos1te overwrapped design and dissimilar metal flanges
are used.

21



STRUCTURAL EVALUATION

Because of the feedline low operating pressure and external loads,
the non-vacuum jacketed feedline concepts are essentially designed for
handling and manufacturing limitations. The vacuum jacketed lines are
designed to withstand an external pressure loading of 15 N/cm2 (22 psi)
on both the pressure carrying inner line and the vacuum jacket. Handling
loads are also a major consideration in the vacuum jacketed line design.

The NASA Marshall Space Flight Center has recommended the minimum
duct wall thickness for handling, see Figure 11. As shown, the minimum
gage for 10.2 and 12,7 cm (4.0 and 5.0 in.) diameter steel tubing is
0.05 and 0.06 cm (0.02 and 0.025 in.) respectively. These are the line
gages selected for the all-metal design concepts, except for the inner
line of the all-metal vacuum jacketed line, Concept 1. This line gage
was dictated by an internal over pressure consideration per the following
analysis. The composite line gages, considering the combined metal liner
and overwrap thickness, slightly exceed these minimum gage requirements.
Stress levels are checked for the pressure carrying lines using maximum
anticipated line pressure. The maximum line pressures may be as high as
58 N/cm? (85 psig) assuming an operating pressure of 21 N/cm? (30 psig)
added to a surge pressure of 38 N/cm? (55 psig). The surge pressure is
calculated based on a fast closing engine shutoff valve. From Ref. 12,
surge pressure is given by:

k W v

2
Surge Pressure = —p/=—=—==~ = 38 N/cm~ (55 psi)
D
- gQ‘W-% + Et) :

where: W = 71 kg/m3 (4.43 1b/ft3), specific weight of LH
4.6 m/sec (15 ft/sec) -

= 9.7 m/sec2 (32.2 ft/secz)

= 9996 N/cm2 (14,500 psi)

10 cm (4 in.)

= 0,05 cm (0.02 in.)

= Unit conversion constant 6 2 6
Modulus of elasticity, 20 x 10~ N/em (29 x 10 psi)

2

H = ¢ O T 0@ <
il ]

The stress in the all-metal pressure carrying iines, where t = 0,05 cm
(0.02 in.), P = 58 N/cm? (85 psig) and r = 5 cm (2 in.) is provided by
the relation:

s = l’% = 5860 N/cm® (8500 psi).

The stress in the composite overwrapped lines where t = 0.013 cm
(0.005 in.) will be 23,400 N/cm2 (34,000 psi) assuming no structural
support from the composite overwrap. Comparing these stress levels to
stress allowables for stainless steel (all-metal lines) and Inconel 718
(composite lines), it is obvious that handling conditions and not pres-
sure dictate the line wall thickness.
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The inner line liner for the composite vacuum jacketed line, Concept
2, is designed from a possible failure mode consideration, where a liner
leak would allow a pressure buildup in the vacuum annulus. For this con-
dition, the vacuum jacket burst disc rupture pressure, 10.3 N/cm? (15 psi),
establishes an external pressure loading on the inner line liner. Assuming
no structural support from the composite overwrap, the inner line liner
material thickness may be determined by the relation from Roark, Ref. 13:

2 y 3
Et _ 1 t
where: Pc = Critical collapse pressure, 10.3 N/cm2 (15 psi)

L = Length of tube, 127 cm (50 in.) .
v = Poisson's ratio, 0.3
r = Radius, 5.1l cm (2.0 in.)
t = Liner -thickness, cm (in.)
E = Modulus of elasticity, 20 x 106 N/em2 (29 x 106 psi)

Solving the above equation yeilds a required liner thickness of
0.058 cm (0.023 in.). It has been demonstrated, however, through work
done by Johns and Kaufman, Ref. 14, and by Martin Marietta the composite
overwrapping does substantially improve the buckling strength of thin
metallic liners. Although test ‘data is limited, preliminary indications
are that the liner thickness may be determined by multiplying the theore-
tical thickness by 0.6, yielding a thickness requirement of:

t = 0.6 (0.058) = 0.035 cm (0.013 in.)

The composite vacuum jacket liner thickness is determined by using
the same relationship for critical collapse pressure (P.) as above where:
r=6.,4cm (2,5 in,), L = 3.8 cm (1.5 in.) the distance between convo-
lutes, and P, = 15.2 N/cm? .(22 psi). Solving for thickness yields:

t = 0.018 cm (0.007 in.). The composite overwrap factor was not used
to reduce vacuum jacket thickness, because of the desire to provide
structural margin for handling.

Bending Stresses. - An analysis was performed to evaluate the stresses
induced in the composite line -due to bending loads. For this analysis, -
the line was considered as being made up of a series of short, straight
sections, as shown in the following sketch..
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Section 6 —\

39.9 cm
(15.7 in.)

Section 5'—\l
38.1 cm
(15 in.)

Section 4 ——\\

38.1 cm
(15 in.)

150.4 cm
(59.2 in.)

Section 3 —\‘

38.1 cm
(15 in.)

Section 2
38.1 cm -\\
(15 in.)

Section 1 - Point A
18.3. cm ‘\\ *

(7.2 in.) E:__Jﬁ

I«——— 146.8 cm (57.8 in.) >

For this analysis, point A was assumed to be fixed and a load P
was applied at point C. The angular deflection of each section was
determined from the relation:

: - M
AB = fEIdx

where M (refer to sketch below) = P (R + x C0S B ) through the limits of
x =0tox =1L -
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The ‘total deflection (D) of point C for each section was then
determined from:

Dp = A® R2 + Y2 at an angle TAN-I'Y/R from the vertical.

This total deflection was then resolved into the Y and Z- components by
using:

D, = Dy SIN ('J:AN'1 Y/R) and Dy = D, COS (TAN"1 Y/R).

Z T

From motion analysis the deflection of point C in the Y direction
was determined to be 2.3 cm (0.9 in.). Since the numerical values of E,
I, R, Y and x are known or can be determined from system geometry, the
DY deflections can be expressed in terms of the load added.

The: load required to produce a deflection of 2.3 cm (0.9 in.) in
the Y direction was determined to be 10.5 kg (22.8 1b) from:

Z"i)Y = 0.04 (P)= 2.3 cm (0.9 in.)

The stresses in the liner at section 1 were then determined. The
stress due to the moment at section 1 is:

s, =% - B 4,500 N/em® (21,000 psi)

The stress due to the load is:

S = F/A = 250 Nfcm® (362.5 psi)
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The critical compressive buckling stress Sbc in the liner can be

determined from:

Sbc = 0.3 E (t/r) where:

Sbc = Critical compressive buckling stress in axial direction;
t = Liner thickness;

T = Liner radius (nominal); and

E = Liner modulus of elasticity.

For a dry, unpressurized line at ambient temperature, the critical

buckling stress would be 15,200 N/cm? (22,000 psi) which is just slightly
greater than sum of the stresses due to the moment and the load.

The results of this analysis show that the stresses in the 10.2 cm

(4.0 in.) diameter 0.013 cm (0.005 in.) wall Inconel liner would most
likely cause buckling of the liner in section 1.

Therefore, the wall thickness of the liner must be increased to

provide a safe margin between the actual stress and the allowable stress,
or bellows/gimbals must be added to eliminate the bending stresses.

Both of these options increase the total weight of the line. However,
the addition of gimbals to the line provides other advantages, such as:
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. Allowing for misalignment during installation;

Reducing axial stresses due to cooldown and pressurization;
Reducing vibration loads; and

Reducing handling loads.

PN =
e o



THERMAL ANALYSIS

The thermal insulation systems consist of two basic types -- vacuum
jacketed and multilayer insulation (MLI). "Wet" or "dry" lines are desig-
nations given to a feedline depending on the location of the LHy tank
isolation valve (prevalve). A "wet" line is one in which the prevalve
is located at the turbopump interface (see Figure 12). A "dry" line has
the prevalve located at the tank outlet, thereby keeping the line dry
until engine firing.

Heat can flow thrbugh an insulation system by the simultaneous action
of several different mechanisms: ’

1. Solid conduction through the materials making up the insulation
and conduction between individual components of the insulation across
areas of contact;

2. Gas conduction in void spaces contained within the insulation
‘system; and

3. Radiation across these void spaces and through the components of
the insulation.

Because -these heat-transfer mechanisms operate simultaneously and
interact with each other, it is, therefore, useful to refer to an apparent
thermal conductivity, which is definable analytically or measured experi-
mentally during steady-state heat transfer and evaluated from the basic
Fourier equation: :

q = % (T, - T)

where:
q = Heat flux through the material
K = Apparent thermal conddctivity
A = Area ’

Tl, T2 = Boundary temperatures

t = Thickness of the insulation

The primary effort in the development of more efficient thermal
insulation systems is directed toward reducing the different heat transfer
mechanisms. To aid in these efforts, the effects of variables - solid
conduction, gas conduction and radiation, on thermal conductivity had
to be determined
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Liquid Hydrogen Feedline Boiloff. - Table XIV lists the liquid hydro-
gen boiloff of three operational modes: Mode I - Ground operations and
Modes II and III - Space residency. The boiloff values given represent
the additional propellant required due to thermal and operational losses.
Table V presents the timeline used in determination of the total boiloff
values for a typical Space Tug mission requiring six engine burnes.

Ground operations, Mode I: Mode I defines the liquid hydrogen boil-
off during two hours of prelaunch operations. During this time, a ground
support LH, replenish system is active, maintaining the Tug propellant
tank in a launch-ready, loaded condition. A helium purge within the
Space Shuttle Cargo Bay will temper the prelaunch 3229K (120°F) wall temp-
erature so that the Tug feedlines should not exceed 300°k (80°F) on the
external surfaces, during ground operations.

It is apparent from Table XIV that the purged MLI lines yield the
highest losses, because of the convection component of heat transfer in
the insulation for Mode I. Non-purged MLI-Dry lines exhibit the lowest
boiloff losses with the composite line showing about a 507 advantage over
the all-metal line. All MLI insulated lines were assumed to have a
natural insulation density of 12 layers/cm (30 layers/in.). Concepts
4 and 5 have the least boiloff losses, because the lines were dry and
the only heat flux was that due to the axial conduction along the warm
line to the cold LHp tank.

The LH, losses during Mode 1 are not very significant, due to the
ground support replenish system. This system replaces any LHy boiloff
up until launch. Therefore, the losses prior to launch are not considered
as unusable propellant.

Space residency, Mode II: The feedline configuration for both the
wet and dry feedline systems are shown schematically in Figure 12. Space
residency is defined as the total time in space including storage in the
Space Shuttle cargo bay. Mode II and Mode III define two operational
modes for the dry feedline configurations during space residency. Figure
13 depicts the conditions and timelines for the two operational configura-
tions for the dry feedlines (Concepts 4 and 5). The total LH boiloff was
determined for each mode. For Mode II the LH, feedline is void of pro-
pellant for the first 14.7 hours. The Space %ug is in the Space Shuttle
cargo bay during this time. For the balance of the mission, 31.86 hours,
the feedline is full of propellant.

Table XIV, Boiloff Values for Mode II, shows the non-vacuum jacketed,
dry, MLI insulated composite line, Concept 5, with the lowest LH, loss.
It is closely followed by the similar but all-metal feedline, Concept 4.
The MLI, Wet lines, Concepts 3 and 6, will of course, exhibit a higher
LH, boiloff over the dry lines, because of the added time (14.74 hours)
of having LHy in the line. Line chilldowns are not required of the wet
lines and this can be as much as a 3.8 kg (8.3 1lbs) advantage. The vacuum
jacketed lines suffer from the solid conduction element of heat transfer
contributed by the standoffs and end closures. It is to be noted that
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the radiation shields reduced the overall ILH  boiloff by 467% in the case
of the metal lines. The boiloff of .the compOsite line was reduced 72%
with the addition of eight radiation shields. This reduction was possible
because of high emissivity differential between radiation shields and

the bare overwrap. '

Space residency, Mode III: Mode III synchronizes. the prevalve actua-
tion (opening and closing) with that of the engine valve. After each engine
. firing, the line would be vented to space, resulting in the feedline being
void of any propellant between engine firings. The time required for the
empty feedline to return to ambient temperature was calculated to be 2 to 7
hours. Therefore a complete LH, line chilldown and fill is required prior
to the next engine firing. ‘The“venting of the feedline after each engine
firing accounts for more LH, loss than that of the heat flux, due to engine
soak-back (see Mode II). Again, the composite line exhibits the lowest LH
boiloff. Engine soak back was insignificant and, therefore, not included.

Heat transfer by engine to feedline: The engine thermal effects are
shown in Figures 14 and 15. Liquid hydrogen boiloff due to engine heat
transfer is shown in Table XIV. The heat input to the dry feedline is a
function of the L/D and the engine temperature. The feedline is 10.2 cm
(4.0 in.) diameter stainless steel with a wall thickness of 0.051 cm
(0.020 in.). Since the length of the dry section is greater than 73.7 cm
(29.0 in.) and the turbopump to feedline interface temperature is 278 K
(40°F), the heat flux is about 3.81 watts (13 Btu/hr). Both radiation
and conduction modes of heat transfer were.considered.

Vacuum Jacketed Insulation Systems. - The vacuum jacketed concept
consists thermally of an inner line, an outer concentric vacuum jacket,
flexible joints, standoffs, 8 radiation shields and end closures. For
Concept 1 the inner line and the vacuum jacket are of an all-metal design
and Concept 2 uses a composite tubing design for both the inner and outer
line. The main advantage of vacuum jacketed insulation is the low heat
flux during ground operations in a wet configuration. The disadvantages
are increased weight and increased operations required for vacuum main-
tenance of the vacuum annulus. )

Vacuum jacketed line thermal analysis: A heat flux analysis of the
vacuum jacketed line concepts was performed and the results are shown in
- Tables XV and XVI. Thermal performance is given for environments of
one-G at 300°K (80°F) and space residency at the following conditions:

256 K (OOFZ - Thermal coated lines during Tug operation
3220K (1200F) - Lines during Tug storage in Space Shuttle
367°K (200°F) -~ Lines during Tug storage in Space Shuttle

Data is provided for lines with and without radiation shields.
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Heat transfer between the environment and the feedline occurs by
radiation through the vacuum annulus, by conduction through nonconden-
sible gases in the annulus and by conduction through standoffs, flexible
joints, and end closures. Radiation transfer through the vacuum jacket
is determined primarily by the emissivity and temperature difference of
the enclosure surfaces. In this analysis, the annular spacing is small
relative to the line radius, because of the shields, and the effective
emissivity for radiation transfer is essentially independent of the
annular spacing.

The mechanism for steady-state radiation transfer through a vacuum
jacket containing several radiation shields can be considered in terms
of two conductances in series; one through the radiation shields next to
the inner wall (1) and the other between the outer radiation shield (2)
and the vacuum jacket (3), as shown in Figure 6.

‘The effective emmittance for these series conductances is:
€12 €23/(€ 12 + € 23) - with radiation shields, or

1 . s .
TAJA (/e . T D - without radiation shields,

€

€

1/€ 1

where € is the overall effective emittance.

€12 is the effective emittance through the shield blanket and
€ 23 is the gap emittance.

For a gap thickness which is small relative to the line radius,
the gap emittance can be expressed in terms of the emissivities of sur-
faces 2 and 3 by the relation:

\

€ 23 = (€ 2)(€3)/(€2+ €3 - €2 €3)
Emissivities of the vacuum jacket components ﬁere taken as:

e = {0.10 (metal)

0.80 (composite)
0.025 (radiation shields)
0.20 (vacuum jacket)

}- Inner Line

€2
€
then,

ey3 = 0.0227

For multiple radiation shields all having the same emissivity (¢ 2),
the blanket emittance is approximately:

€12 = €2/N(2 - €2)
for ¢, = 0.025
€12 = 0,0126/N
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Therefore, eight radiation shields will result in a vacuum jacket
effective emissivity, € of 0.00147 for both metal and composite lines.
It should be noted that the effective emissivity is largely dependent
on the radiation shield emissivity for vacuum jackets incorporating
radiation shielding.

The effective emissivity of the metal and composite lines without
radiation shields is 0.0758 and 0.225 respectively. The emissivity of
the composite line can be reduced through the usage of thermal coatings.

The radiation component of heat transfer was derived from the class-
ical Stefan Boltzmann equation. Radiation heat flux involving the deter-
mination of net heat transferred between surfaces in a vacuum, separated
by a non-absorbing medium, is given by the following expression:

~ A
qR =2 € A2(T3 - Tl )

The presence of noncondensible gases, such as Hy or Hp, in the
vacuum jacket under operating conditions can contribute to the total heat
transfer rate by gaseous conduction. The gas conductivity can be reduced
by decreasing the jacket pressure-to the point where the mean free path
is greater than the system dimension. For a 1.27 cm (0.50 in.) gap thick-
ness (vacuum annulus without radiation shields), the noncondensible gas
pressure must be less than 0.015 torr in-order to reduce the gas con-
ductivity below that existing at a pressure of 1 atmosphere. In the rare-
fied gas region below 0.0l5 torr, the gaseous heat transfer coefficient
(h) is roughly proportional to the gas pressure for the specified temp-
erature boundaries. For hydrogen, h = 596.2 x pressure in torr, Watt/
n?+°K (h = 105 x pressure torr, Btu/hr-ftz—oF) and the free molecular
gas conduction rate is approximately h = 165,632 x pressure in torr,
Watt/m? (52,500 x pressure in torr, Btu/hr-ft2) for a 278°K (500°R)
temperature difference across the vacuum jacket. To maintain the gas-
eous conduction rate at a value less than an acceptable allowable for
a LHy line, 94.7 W/m2 (30 Btu/hr-ft2), the noncondensible gas pressure
(resulting from HE or helium leakage into the vacuum annulus) must be
less than 6 x 10~* torr. The noncondensible gas pressure must be less
than 1 x 104 torr to reduce the gas conduction rate to a value below
16.7% of the total allowable. In this analysis the vacuum annulus pres-
sure was assumed to be less than 10-2 torr., Therefore, heat transfer
due to gas conduction was. considered negligible.

The expression for the conductive component of heat transfer through
the vacuum jacket standoffs and end closures is given by the following
expression:

9, = UA(T3 -'Tl)’ where:
1
VA = */KA

Finally, the total heat flux of a vacuum jacketed line is the sum-
mation of the heat transfer due to radiation and conduction. Total heat
flux = ar +'qci :
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Multilayer Insulation Systems. - The multilayer insulation consists
of 30 layers of 0.000635 cm (0.00025 in.) double-aluminized mylar radia-
tion shields (Superfloc) separated by low-conductive flocked tufts of
Dacron fibers. The tufts, arranged triangularly, provide positive spacing
of the radiation shields, thus providing a direct path for interstitial
gases, during purging, evacuation (ascent) and repressurization (descent),
and to reduce the heat transferred from shield to shield by solid con-
duction. Solid conduction accounts for approximately 10% of the apparent
conductivity of the insulation material. The gas in the space between
the shields is expelled during ascent to decrease the conduction by gas
molecules. The MLI was verified during compression and recovery tests,
to recover up to 94%. This indicates that the method of spacing with-
stands mechanical compression during manufacturing or high g-loads
during Shuttle boost, without deterioration of thermal performance.

Other features of the MLI are high strength, density control, good
gas absorption/outgassing characteristics and integral spacer material
with radiation shields achieving the lowest weight density versus conduct-
ivity rating. '

MLI Thermal Analysis. - The thermal performance of the ML1 was deter-
mined for both purged (wet), Concepts 3 and 6, and unpurged (dry), Con-
cepts 4 and 5, MLI systems. Equilibrium heat flux values are presented
in Table XVI. 1In multilayer insulations, the principles used to obtain
more effective evacuated insulations were used recognizing the importance
of radiation heat transfer once the mechanisms of gas conduction and
solid conduction have been reduced. In this insulation, radiation shields
of low emittance (0.025) are separated by spaces of low conductivity (less
than 107 of the overall apparent conductivity) and are exposed to the high
vacuum of deep space. In an idealized assembly of radiation shields,
radiation is directly proportional to the emittance of the surfaces and
inversely proportional to the number of . radiation shields between the
two temperature boundaries. In practical MLI systems, radiation heat
transfer between two radiation shields involves complex interactions
between the reflective properties of the radiation shield and the adsorp-
tion-and scattering properties of the spaces. Because of the complexity
of the heat transfer phenomena, data obtained from laboratory tests are
essential in predicting the thermal performance. Figure 16 shows the
relationship of MLI apparent thermal conductivity versus density[KlaXers/
cm(in.)], as exhibited in tests over the range of 300°K to 789K (540 R

to 140°R). | (

The performance of the MLI in the actual installation will be affected
by the following variables:

. Applied compressive loads;

Gas pressure within the MLI;

Flow passages permitting outgassing; and
Temperatures of the warm and cold boundaries.

o=
. o
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Compressive loads, either those caused by atmospheric pressure or
those developed during application of MLI, reduce overall insulating
effectiveness. External forces such as tension applied during wrapping
of the MLI around the feedlines, thermal expansion or contraction of the
insulation mylar purge covering, and localized loads in the vicinity of
the feedline support, can compress the insulation., These compre ssive
loads may be in the range from 0,0069 to 0.69 N/cm® (0.0l to 1 psi).
When compression up to 1.38 N/em? (2 psi) is applied, the apparent
thermal conductivity is about 200 times . greater than the no-load condi-
tion [ natural density of 12 layers/cm (30 layers/in.)].

Figure 17 relates the apparent thermal conductivity to the gas pres-
sure in the MLI. At pressures below 105 torr, the heat transferred by
a gas is directly proportional to the gas pressure and density. However,
the heat conducted by a gas at that pressure is only a small portion of
the total heat transferred through the insulation. Therefore, the appar-
ent thermal conductivity of the multilayer insulation decreases only
slightly at pressures below 10-5 torr and heat transfer is by solid con-
duction within and through the components of the MLI and by radiation
across the voids and through these components.

To assure that the MLI will operate at the desired low pressure, the
interstitial gas caused by outgassing has to be evacuated through the
edges of the insulation. Because of the positive separation, 0.089 cm
(0.035 in.) between the radiatien shields, rapid evacuation is possible.
Tests have indicated that the proposed MLI will reduce a pressure of 2
torr within the layers to 10~% torr within 5 minutes in a vacuum chamber
environment of 10-2 torr. This method of venting is preferred over
penetrations in the MLI which can cause an increase in heat flux as much
as 278% for 0.32 cm (1/8 in.) holes, Ref. 15. L

Effects of boundary temperatures on apparent conductivity are shown
in Figure 18 of a typical MLI (Ref. 15). The one that represents a cold-
boundary temperature of 21°K (-4239F) indicates a lower thermal conductivity
than the one representing a cold-boundary temperature of 770K (-320°F).

The equations and assumptions used in calculating the heat flux
values for MLI systems are presented in the following paragraphs, Heat
flux values were computed for both metal and composite feedlines, however,
there is no appreciable difference for filled LHj lines in a space envir-
onment between the two concepts. A delta does exist during Space Shuttle
storage, when the Tug feedlines are dry. The heat transfer from a "warm'
feedline to the tank is approximately 50% more for the metal line than it
is for the composite line. The heat flux, prior to launch, is consider-
able for the '"wet" purged MLI line, because of the helium purge required
‘to maintain the insulation free of moisture and contaminants. The space
heat flux values for wet MLI lines were increased by approximately 800%
to account for previously mentioned variables of the MLI apparent thermal
conductivity. :
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One G environment, purged, wet MLI analysis: Natural convection was
assumed in the MLI annuli and external surface of the purge bag. Film
coefficients, hy and h_ used were 17.6 to 5.7 W/m2-°K (3.1 and 1.0 Btu/
hr—ft2-°R) respectively., End losses were considered negligible, because
the line length is greater than 10 times the line diameter. The external
purge bag temperature, Tp, was assumed to be 300°9K (80CF), The expression
for the heat transfer rate from the LH, in the feedline through the MLI
and helium to the surrounding ambient medium is given by: :

UAy(Tp - T;)

]

q

where:

1
U = for metal and composite lines,
1, .t .

1
by Kpe Pp ,
2

It

MIL area, m

h, = Film coefficient within MLL, watt /m>-°K
hp = Film coefficient of purge bag exterior, Watt/mz-oK

Helium conductivity, Watt/m?oK

5
]l

q = Heat flux, Watts

t = Thickness of MLI, m

TP = Purge bag exterior surface temperature, °k
Ti = Inner line temperature, °k

U = Overall transmittance, Watt/mz-oK

The thermal conductivity of helium, KHe was assumed to be 0,095
Watt/m-°K (0.055 Btu/hr-£ft-°F). _ )

One G environment, dry MLI analysis: Heat flux equations used were
typical of those used in analyzing the heat flux from insulated feedline
end sections (see space environment dry MLI analysis). Exterior surface
temperatures were assumed to be 300°K (80°F). The only heat flux considered
was that of the warm feedline interfacing with the LHy tank prevalve.

Space environment, purged, wet MLI analysis: High emissivities of
the Tug and Space Shuttle structural surfaces will dictate a feedline
surface temperature, Tg equivalent, to the internal Shuttle cargo bay
temperature 367°K (2009F) during storage. During the Space Tug mission
the surface temperature was assumed to be 256°K (0°F) because of thermal
coatings on the feedlines. Apparent thermal conductivity of the MLI
includes both heat transfer components of radiation and solid conduction. -
Gas conduction was considered negligible with a MLI annulus pressure less
than 10-° torr. Heat flux is given by the typical Fourier expression:
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Q
h

U (Tp - 1)
K

M

MLI apparent thermal conductivity, W/m-°K

where

zc'-

X

t
M

MLI thickness in direction of heat fluk, m.

Space environment, dry MLI analysis: This analysis deals with the
axial thermal conduction through flanged. or welded line connections
attached to both composite and all-metal lines. The lines are insulated
with MLI under both vacuum and helium purge conditions. The heat flux
values calculated represent the heat transfer from the warm, dry linme to
the LH) propellant tanks. See Figure 19 for the configuration of the
axial heat transfer configuration for a warm line to a cold line.

Axial conduction of the glass-fiber overwrap is considered negli-
gible relative to that of the metal liner. The MLI annulus pressure,
during space residency, is considered to be:less than 10-3 torr. The
prevalve provides the LHy isolation required between the warm and cold
lines.

' The steady state axial heat conduction in a symmetrical fin immersed
in a constant temperature environment is described by the differential
equation:

2 2, _ _ _
(d%t/dx") = (Gu/k;t )T, - T ) =0
for which the general solution is
(Tx - Tp) = A sinh (mx) + B cosh (mx)

where:

m U .Kiti for space residency

M

m = "UHe7Kiti for ground purge
where?
Kae X

= =— and U = —
Uﬁe tHe M tM

Line temperature at joint, X = L

T ]

X
A = Constant of integration
B = Constant of integration
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When subject to boundary conditions of:

1) KLCtL (dt/&x)L = (ﬁK)(TL - Ti) at x = Lx
and
2) (dt/dx) = O atx =20

the heat conduction rate in the line at x ='Lx is
(HA) (T, - Ti)—

q —
L 1 + [ (HB) fmg CE coth (aL )]

For the alternate boundary condition of 2):
T = T atx=20
x ° P

the heat conduction rate at x = Lx is

. @, -1

q —
L 1+ [ @)/m Ct, tanh ()]

Under conditions that (mLx)'>2, both coth (mL,) and tanh (mL,) are
approximately equal to 1, and the heat conduction rate for both sets of
boundary conditions approaches:

q = (W)(t, - t))

where _—
(HA) (mK, Ct, )

(HA) + (nk Ct, )

(UA) =

The end fitting resistance is made up of two conductances in series;
the conductance through the metallic structure and the contact conductance
between bolted flanges. The conductance through the metallic structure of
the end fitting is given by:

*r

(-H—A)F = T:; Ap

where subscript (F) refers to end fitting.
The joint contact conductance (ﬁZ)C is estimated to be the product

of a contact coefficient of 568 W/m2-OK (100 Btu/hr-ft2-oF) and the contact
area of 0.0l m? (0.109 ftZ) or 5.8 W/m-°K (10.9 Btu/hr-°F).
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The end fitting effective conductance for the two bolted flanges is
then: - —
BBy, (HR),

(HA) = — —
(BA) + (HA),

In these cases, the contact resistance of a bolted joint is negli-
gible relative to the resistance in a stainless steel flange, but it
could be roughly equal to the thermal resistance through an aluminum
flange. The heat flux values calculated are shown in Tables XV and XVI.
Values for the axial length (X = L) of line downstream of the cold fitting
interface were 2.6 m (8.5 ft) and 4.7 m (15.5 ft) for the composite and
all-metal line respectively.
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WEIGHT AND COST ANALYSIS

Weight Analysis. - The weight of e€ach feedline design concept, de-
picted by the drawings in Appendix A, was calculated and is presented
in Table XVII.

As noted in Table XVII, the wet concepts may require a recirculation
and purge system, depending upon the selected propulsion system concept.
One cryogenic propulsion system, being studied, circulates cold hydrogen
boiloff gases through the engine rather than use a closed loop recircula-
tion system. This concept would not require a recirculation system. If
required, the recirculation and purge systems would add approximately
5.2 kg (11.3 1b) to the total weight of the wet feedlines (Concepts 1, 2,
3 and 6). . ’

The following conclusions are drawn from the weight analysis:

1. The vacuum.jacketed concepts are significantly heavier than the
non-vacuum jacketed concepts. The composite vacuum jacketed feedline is
28 percent lighter weight than the all-metal vacuum jacketed line.

2. The composite non-vacuum jacketed concepts are approximately
26% lighter weight than the all-metal non-vacuum jacketed concepts. This
percentage is based on total line weight. The composite line is 42%
lighter weight if only the bare line weight is considered, i.e., gimbals,
flanges and insulation are excluded from the weight calculationms.

3. Concept 5, Non-Vacuum Jacketed Composite (Dry-MLI), is the light-
est weight concept, weighing 10.3 kg (22.6 1b). Concept 6, Non-Vacuum
Jacketed Composite (Wet-Purged MLI) is only 0.5 kg (1.3 1b) heavier, but
may require the addition of a recirculation and purge system of approx-

imately 5.2 kg (11.2 1b) .

Cost Analysis. - The producibility costs including labor and material
were determined for the six feedline concepts, see Table XVIII. The costs
shown are unit costs based on a quantity of twelve feedline assemblies.
The costs do not include design, qualification and acceptance testing.

The design costs would be somewhat higher for the composite feedlines
due to the additional processes required. This added cost, however,
would be very minor. The qualification and acceptance requirements for
the composite and all-metal configurations should be the same, these
costs, however (qualification and acceptance), will be higher for the
vacuum jacketed feedlines than the non-vacuum jacketed concepts.
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The feedline assembly costs gain significance when the costs and
weight are compared for the various design concepts. For example, com-
pare the lightest weight feedline, Concept 5, with the baseline config-
uration, Concept 3:

Feedline Weight Feedline Cost
kg (1b) ($)
Concept 5: 10.3 (22.6) 24,400
Concept 3: 14.6 (32.2) 20,500
Delta: =4.3 ( 9.6) + 3,900

Concept 5 saves 4.3 kg (9.6 1b) of weight for an additional cost
of $3,900. The cost for a pound of weight saved by the composite LH2
feedline is $907/kg ($406/1b). This is a very attractive value for
the Space Tug where the cost per kg (lb) may be several thousand dollars.

Weight Reduction Potential for Other Systems. - The use of com-
posite lines provides potential for additional weight savings when

all the propulsion systems are considered. An indication of the total
weight that may be saved by the use of composite lines is provided by
a preliminary evaluation of the other systems.

Estimated All-
Metal Weight,

Proguléion Systems kg (1b.)

GH2 Vent, 7.6 cm (3.0 in.) dia. by 330 cm (130 in.) long. . 4.0 (8.9)

GH2 Zero-G Vent Line, 1.3 cm (0.5 in.) dia. by 330 cm
. (130 in') 1°ng. . L] L] L] . L3 . . L ] L] L] L] . L4 . . L] L] . . 0.7 (1.5)

LH2 Abort Pressurization, 2.5 em (1 in.) dia. by 330 cm
(130 in.) long. e ® o e o o & e o e o o @ o+ o o o o o+ o 1-3 (209)

Fill/Drain/Abort Dump, 15.2 cm (6.0 in.) dia. by
203 cm (80 ino) 10ng. e & e e o o ® o o o o o e o o o o 4o9 (1009)

Ld,
GO, Vent, 7.6 cm (3.0 in.) dia. by 163 cm (64 in.) long . . 2.0 (4.4)

LO2 Fill/Drain/Abort Dump; 12.7 cm (5.0 in.) dia. by - ;
163 Cm (64 in.) 1ong. . . . L] e .. o L] ® . L] * L] . L] L] * 3.3 (7.3)

LO,. Abort Pressurization, 2.5 cm (1.0 in.) dia. by 127 cm ‘
(50in.)10ng.......-.--.....;.....0.5(1.1)

Lo, Feedline, 6.4 cm (2.5 in.) dia. by 89 cm (35 in.) long. 0.9 (1.9)

TOTAL: 17.6 (38.9)
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The estimated weight for the propulsion systems listed above are
based on the use of 0.06 cm (0.025 in.) thick wall stainless steel
tubing. Assuming that composite tubing would reduce the weight of all-
metal tubing by 42% (as is the case with the LH feedline) an additional
7.4 kg (16.3 1b) potential weight savings exists., Thus, it is concluded
that composite tubing should reduce Space Tug propulsion system weight
by 11.7 kg (25.9 1b), if LH, feedline weight savings are added to the
weight savings for the othe% systems.

System Weight Considerations. - To consider the total system weight
resulting from each of the various feedline concepts the propellant
losses must also be considered. These losses were defined earlier in
the thermal analysis section and are combined with the feedline weight
in the system evaluation summary discussed later.



RELIABILITY AND REUSABILITY EVALUATION

A comparison of each of the design concepts from a reliability as-
pect was made by performing a failure modes and effects analysis (FMEA),
see Table XIX. The analysis included determining the failure modes, the
‘potential method of failure detection, the impact of failure on the
propulsion system and on the Space Tug mission, the most probable cor-
rective action required and the recommended procedure for failure pre-.
vention, for each feedline assembly component.

The negative features applicable to each of the design concepts,
as indicated by the FMEA, are summarized in Table XX,

An evaluation of the FMEA and the negative features indicates that
Concept 5, Non-Vacuum Jacketed Composite (Dry-MLI), is the superior con-
figuration from a reliability standpoint because:. 1) There are fewer
components to fail; and 2) the consequence of potential failures result
in less impact on the propulsion system and the Space Tug mission.

A relative reliability ranking of the concept configurations in
order of desirability is: Configuration 5, 4, 6, 3, 1 and 2., The
order of Configurations 1 and 2 would be reversed, if only the vacuum
jacket is overwrapped, using a conventional all-metal inner line.

The key considerations for feedline reusability are damage suscepti-
bility, vacuum maintainability, and repairability. The feedline concepts
are compared on the basis of these considerations in Table XXI, The com-
posite vacuum jacketed and non-vgcuum jacketed concepts are considered
less susceptible to damage than the all-metal lines. The non-vacuum
jacketed concepts should require less maintenance than the vacuum jacketed
feedlines because of the problems associated with vacuum maintainability.
The installed repairability of the MLI insulated feedlines should be
equal, except the dry configurations have fewer components than the wet
configurations. It is, therefore, concluded that Concept 5, Non-Vacuum
Jacketed Composite (Dry-MLI), should be the most desirable based on
reusability and maintainability aspects.
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SYSTEM EVALUATION SUMMARY

A comparison of the six design concepts from a Space Tug System
aspect is provided in Table XXII. The total system weight was determined
by adding the feedline hardware weight and the weight of LH, boiloff
losses. The boiloff losses reflect the results of the thermal analysis
and the optimum systems operational modes considered. The different
operational modes had a significant effect on the dry feedline concepts.
The operational mode resulting in the least boiloff is Mode II, for which
the prevalve remains open after the initial engine firing,

Considering the combined feedline weight and the weight of propel-
lant lost due to boiloff, feedline Concept 6, consisting of a non-vacuum

jacketed, composite feedline with purged multi-layer-insulation and the
prevalve located at the engine (wet), offers the least weight system.

It is noted, however, that the wet feedline concepts may require a
recirculation and purge system which would add 5.1 kg (11.2 1b). If

this were the case, then Concept 5, Non-Vacuum Jackéted Composite (MLI-
Dry) would provide the léast weight system. Concept 5 also shows the
highest desirability from reliability, reusability and maintainability
aspects. Concept 4 shows the lowest producibility costs. The difference
in costs, however, between the non-vacuum jacketed concepts is considered
insignificant.

It may be assumed that system considerations, other than feedline

boiloff losses, will ultimately determine the issue of a 'wet versus
dry" feedline configuration, and also the MLI design. Then the key

jssue is what are the advantages of compasite versus all-metal feed-
lines. When this comparison is made of like designs, the composite

feedline saves hardware weight and propellant weight in every case.

This comparison is made as follows: '

FEEDLINE BOLLOFF

FEEDLINE DESIGN CONCEPT T WEIGHT WEIGHT - :l TOTAL
: : kg (1b) - kg (1b) kg (1b)
Vacuum Jacketed Metal (Wet): . 29.4 (64.9) 35.6 (78.6) 65.0 (143.5)

Vacuum Jacketed Composite. (Wet): 21,3 (46.9) 35.0 (77.3) 56.3 (124.2)
Weight Saved by Composite Design: 8.1 (18.0) 0.6 ( 1.3) 8.7 ( 19.3)

Non-Vacuﬁm Jacketed Metal 14.6 (32.2) 3.6 ( 8.0) -18.2 ( 40.2)
(Purged MLI - Wet):
Non-Vacuum Jacketed Composite 10.8 (23.9) 3.0 ( 6.7) 13.8 ( 30.6)

(Purged MLI - Wet):
Weight Saved by Composite Design: 3.8 ( 8.3) 0.6 ( 1.3) 4.4 ( 9.6)

Non-Vacuum Jacketed Metal 14.1 (31.0) 6.2 (13.8) 20.3 ( 44.8)
(MLI - Dry):

Non-Vacuum Jacketed Composite 10.3 (22.6) 4.1 ( 9.1) 14.4 ( 31.7)
(MLI - Dry)

Weight Saved by Composite Design: 3.8 ( 8.4) 2.1 ( 4.7) 5.9 (.13.1)

In summary, the composite design for the LH feédline will save from 4.4

kg (9.6 1b) to 8.7 kg (19.3 1b) depending upon tﬁe design selected.
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CONCLUSIONS, POTENTIAL BENEFITS AND RECOMMENDATIONS

Several conclusions and potential benefits to the Space Tug vehicle
are evident from the analyses included herein. A feedline design concept
is recommended for further evaluation.

Conclusions. = The conclusions which can be made from the Task I
studies and analyses are summarized as follows: :

1. The Space Tug design conditions and physical configurations are
. not yet firmly established. The design parameters and the configuration
selected for the development of composite feedlines should provide the
flexibility necessary to meet all future requirements.

2. S=-Glass or graphite are the two most promising overwrap materials.
The final selection should be based on system sensitivity to weight, as-
sumning dificulties are not encountered in the application of the overwrap.
The final selection of the overwrap material should be delayed until after
the overwrap of the subscale test specimens is complete.

3. The addition of radiation shields in the vacuum annulus of the
vacuum jacketed lines significantly reduces the effective emissivity.
Eight radiation shields will eliminate 98.1% of the heat flux due to
radiation. The solid conduction component of heat transfer through the
radiation shields is less than 0.67% of the total heat flux for the vacuum
jacketed feedline.

4., Propellant boil-off losses for the vacuum jacketed feedlines

are significantly reduced by thermally optimized standoffs and end
closures.

5. The development of dissimilar metal joints shows promising re-
sults, When fully developed, dissimilar metal joining techniques will
provide the capability of using lightweight aluminum flanges with light-
weight composite tubing.

6. All metal or composite feedlines which are exposed to solar
radiation and not covered with insulation should be thermally coated
to reduce line surface equilibrium temperature.

7. Feedline wall thickness will be dictated based upon handling

and/or manufacturing limitations, System design pressures and antici-
pated external loads will not add to these wall thicknesses.
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8. The vacuum jacketed feedline configurations are more thermally
efficient for ground operations and are less thermally efficient during
the space mission than the feedlines insulated with MLI. Because the
LH. tank is topped until launch the boil-off losses which occur prior
to‘launch are not significant to the mission.

9., The feedline operational mode may be influenced by system con-
siderations other than propellant boil-off. However, propellant boil-
off losses are reduced by the use of composite tubing for all design
configurations compared with an all-metal feedline,

10. The vacuum jacketed feedline weight is approximately double
the weight of the non-vacuum jacketed concepts.

11. The composite design with dissimilar metal flanges for the
LH feedline will save from 4.4 kg (9.6 1b.) to 8.7 kg (19.3 1b.)
depending upon the design concept selected. An additional 7.4 kg
(16.3 1b.) can be saved by the use of composite lines for the other
Space Tug propulsion systems.

12, The design Concept 5 - Non-Vacuum Jacketed Composite (Dry-
MLI), provides the most desirable configuration from reliability, re-
usability and maintainability aspects because: 1) composite tubing
provides superior damage resistance; 2) there are fewer components to
- fail; and 3) the consequence of potential failures result in less impact
on the propulsion system and on the Space Tug mission than the other
design concepts.

Potential Benefits. - The use of composite tubing in the Space Tug
propulsion system will improve thermal efficiency and reduce overall
system weight at a very small increase in cost. It is estimated that
the Space Tug propulsion system weight can be reduced by 11.7 kg (25.9
1b.) which is a 36% weight reduction. The additional cost of composite
tubing over all-metal tubing is minor for space vehicles where minimum
weight is extremely important. The cost per kg (1b.) for the Space Tug
has been estimated in the thousands of dollars. Analysis shows that
the.cost per kg (1b.) of weight saved by the use of composite tubing in
the Space Tug propulsion system is $907/kg ($406/1b.). In addition,
the thermal analysis shows that composite tubing will reduce the quantity
of non-usable LH,, due to boil-off losses, by 0.6 kg (1.3 1b.) to 2.1 kg
(4.7 1b.) depending upon the system configuration.

Composite tubing should also proﬁide a more reliable and maintenance
free feedline system than the all-metal design because of the superior
damage resistant characteristics of composites.

Recommendations. - It is recommended that feedline design, Concept
5, be selected for further evaluation by fabricating and testing four
LH. feedline assemblies, consisting of three composite and one all-metal
configurations. This will provide a direct comparison of fabrication,
cost, and performance characteristics of the composite and all-metal
feedlines.
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TABLE I.- CRYOGENIC FEEDLINE DESIGN CONDITIONS

CONDITION LH2 LINE
Operating Pressure 20.7 N/cm? (30 psia)
Proof Pressure 41.4 N/cm® (60 psia)
Burst Pressure 62,1 N/cm2 (90 psia)
Diameter ' . 10.2 cm (4.0 in.)
Flow Rate 2,72 kg/sec (6.0 1lb/sec)

TABLE II.- SHUTTLE PAYLOAD LOAD FACTORS

CONDITION . ) AXIS
X(g) Y(g) - Z(g)
Launch + }'2 * 1.0 T 1.0
. : 1.9 + - 0.8
High-Q Booster Thrust + 0.3 1.0 + 0.2
End Boost (Booster Thrust)? 3to.3 * 0.6 t 0.6
End Burn (Orbiter Thrust) 3%to.3 To.s to.5
Orbiter Entry - 0.5 “T1.0 " i'g
: , - Tt 10
Orbiter Flyback - 0.5 1.0 - 2.5

, +

T 1.0
. - 2,7
Landing | : - 1.3 *t 0.5 + 0.5

8 Excludes booster-orbiter separation loads

TABLE III.- SHUTTLE CARGO BAY INTERNAL WALL TEMPERATURE ENVIRONMENTS

CONDITION , TEMPERATURE K (°F)
Minimum Maximum

Prelaunch 200 (-100) 322 (120).
Launch 200 (-100) 367 (200)
On Orbit (Door Closed) 200 (-100) 367 -(200)
Entry and Post Landing 200 (-100) 367 -(200)
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TABLE IV.- ORBITER PAYLOAD COMPARTMENT INTERNAL ACOUSTIC DESIGN

CRITERIA SOUND PRESSURE LEVEL (dB) - 107

N/m

1/3 Octave Liftoff Boundary Layer
Center Band Frequency -
(H ) |
Z
5 124 124,5
6.3 127 125.0
8 128 126.0
10 129 126.5
12.5 131 127.0
16 ° 132 128.0
20 134 128.5
25 135 129.0
31.5 137 130.0 *
40° 138 130.5
50 139 131.0
63 140 132.0
80 141 132.5
100 143 133.0
125 144 134.0
160 145 134.5
200 145 135.5
250 145 136.0
315 144 136.5
400 143 137.0
500 142 137.5
630 141 138.0 -
800 140 138.5
1K 139 138.0
1.25K 138 137.0
1.6K 137 136.5
2K 135 135.5
2.5K 134 - 134.,5
3,15K 133 134,0
4K 132 .133.0
5 | 131 132,0
6.3K 130 131.0
8K 129 130.0
10K 128 129,0

OASPL155 dB

OASPL149 dB
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TABLE VIII.- VACUUM JACKETED LINE SURFACE EMISSIVITIES

Material Temp.K (°F) | Surface Finish, u- cm, (#- in.) € Reference
S$ 17-7 PH| 83 (-310) | 5 (2) 0.022 1

83  (-310) | 38 (15) 0.044 1
SS 321 83 (-310) | Bright’ 0.044 1

83 (-310) 5 (2) 0.036 1

83 (-310) | 15 (6) ' 0.111 1

83 (-310) |15 (6) 0.155 1

Oxidized in air at reduced
heat for 30 minutes

Ss 316 83  (-310) | 5 (2) | 0.027

1
83 (-310) |38 (15) - lo.045 1
ss 301 300 (80) |Cleaned 0.160 | Measured *
Inconel B | 89  (-299) 0.180 2
139 (-209) ' ’ 0.205 2
364 (195) 0.230 2
Inconel X |98 (-284) - 4 0.200 2
151 (-90) 0.240 2
372 (210) | 0.230 2
Inconel 718 300  (80) ' 0.230 Measured *

Reference 1, WADC TR-56-222, Pt II, Pg 1-184, 1957
Betz, H. T., Olson, O, H.,, Shurin, B, D.,, Morris, J. C.

Reference 2. WADC TR-54-22, Pg 1-94, 1954
Walker G. B.

* Measured by Martin Marietta Corp.
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TABLE XI.- PREDICTED FEEDLINE EQUILIBRIUM TEMPERATURES
WHEN EXPOSED TO SOLAR RADIATION

[ 4
FEEDLINE CONFIGURATION —2 TEMPERATURE K (°F)
Vacuum Jacketed Metal 2 to 3 418 to 463 (293 to 373)
1 Vacuum Jacketed Metal
| (with thermal coating) '0‘27 , 255 (0)
| Vacuum Jacketed Composite 1 ’ 350 (170)
§ Vacuum Jacketed Composite '
| (with thermal- coating) 0.27 . - 255 (0)

} " TABLE XII.- RECOMMENDED THERMAL COATINGS

COATING ' - %€

Thermatrol

(TiOy in 92-007 silicone) 0.18/0.85

Martin Marietta STP 72712

(ZnO in silicone) 0.25/0.85

GE S-13G , i * , 0.24/0.88

The GE S-13G is recommended because it -is stable to long exposure to
solar radiation and can be applied to organic surfaces.
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TABLE XIV, - WET SYSTEMS - PREVALVE AT LH2 ENGINE INTERFACE - LIjI2
BOILOFF, Kg (LBS)
WET SYSTEMS -/PREVALVE AT Ll-& ENGINE INTERFACE - I.H2 BOILOFF, Kg (lbs.)
/ GROUND
OPERATIONS FLIGHT OPERATIONS
CONFIGURATION : :
DESIGN CONCEFT MODE I ENGINE HEAT SHUTTLE TUG TOTAL
(2 HRS,) TRANSFER STORAGE FLIGHT
Without
Radiation 2.8( 6.1) 1.4(3.1) 34.3(75.6) 30.5(67.3) 66.2(146,0)
1. Vacuum Jacketed - Shields
Metal Wet With 8
Radiation 1.5( 3.4) 1.4(3.1) 14.2(31.2) 20.1(44.3) 35.7( 78.6)
Shields
Without
Radiati on 5.2(11.4) 0.8(1.8) 74.8(164.9) | 51.4(113.3) | 127.0(280.0)
2. Vacuum Jacketed - Shields
Composite Wet With 8
Radiation 1.5( 3.4) 0.8(1.8) 14.2(31.2) 20.1(44.3) 35.1( 77.3)
Shields
3. Non-Vacuum Jacketed -
Metal, MLI, Purged -- 15.8(34.9) 1.4(3.1) 0.8( 1.7} 1.4( 3.2) 3.6( 8.0)
Wet ' \
6. Non-Vacuum Jacketed - .
Composite, MLI, -- 15.8(34.9) 0.8(1.8) 0.8( 1.7) 1.4( 3.2) 3.0( 6.7)
Purged, Wet
DRY SYSTEMS - PREVALVE AT LHZ TANK - LIQUID HYDROGEN BOILOFF, Kg (1bs)
GROUND
OPERATIONS FLIGHT OPERATIONS
DESIGN CONCEPT MODE II ~ PREVALVE REMAINS OPEN AFTER INITIAL FIRING
MODE I
(2 HRS.) ONE LINE SHUTTLE TUG ENGINE HEAT TOTAL
CHILLDOWN STORAGE FLIGHT TRANSFER
4, Non-Vacuum Jacketed - -~
Metal, MLI, Dry 0.2 0.4) | 3.8(8.3) | .05(0.1) 1.5( 3.3) | T1.0¢2.1) | 6.2 (13.8)
5. Non-Vacuum Jacketed -
Composite, MLI, Dry 0.1( 0.2) 2.1( 4.6) -05(0.1) 1.5( 3.2) 0.5( 1.2) 4.1( 9.1)
DRY SYSTEMS - PREVALVE AT LH2 TANK - LIQUID HYDROGEN BOILOFF,Kg (lbs)
FLIGHT OPERATIONS
MODE III - PREVALVE CLOSED AFTER EACH FIRING AND LINE DUMPED
DESIGN CONCEPT
6 LINIE SHUTTLE TUG 6 LINE TOTAL
CHILLDOWNS STORAGE FLIGHT DUMPS
4, Non-Vacuum Jacketed - '
Metal, MLI, Dry 22,5(49.5) -- 0,1(0.2) 19.3(42.6) 41.9(92.3)
5. Non-Vacuum Jacketed -
Composite, MLI, Dry 12.6(27.8) -- .05(0.1) 19.3(42.6) 31.9(70.5)




(ay/nag) SLIVM - XNTd IVAH ANITQEES

NOIIVINDIINOD

I9M
ITR pa8ang
(8°12) #%°9 (8°02) 1°9 (0°02) 6°¢S (06€£€) %66 231soduwo)
Po31X0EB[L UMNOBA-UON ¢
(05°0) s1°0 (€%°0) €1°0 (L€°0) 11°0 (0°%2) 0°L 3uT13Tg Lag
Puy v IR
(0570) S1°0 (€w°0) €1°0 (L€°0) 11°0 (€°€27) 8°9 8ur33Td 937sodwoy
pug sEyn | PISNOEL WANOBA-UON - g
(L8°0) sT°0 (9£°0) gT°0 (#9°0) 61°0 (9°¢y) 8°z1 8uT331d £aq
, pug v ITH
(£8°0) sz°0 (92°0) z2°0 (%9°0) 61°0 (1°1%) 0°21 8ut131d TB3I9K
puy STYD pPol1oYdef UNNOBA~UON ‘1
(8°12) %°9 (8°02) 1°9 (0°02) 6°¢ (06€€) %66 I9M
ITH pa8ang
1239
po39yoeL umnoeBA-UON "¢
(o1%) 0T1 (0g€) €01 (0L2) 6L (sz€) <6 SpToTIys uoTIBRTpEY 10
8 uith muamomﬁow
(0£12) 9€9 (00%1) O1% (069) ¢0¢ (OTT1) Gce SPIoTuUS po19NoRr uMnoBp 7
uoTIBTIPEY INOYITH
(o1%) oz1 (0se) €01 (0L2) 6L (Cze) <6 SP1otys UOI3EIpEY
8 yITM I9M
(566) 262 (002) 02 (01%) 0ZT (066) €L sp1oTUS boroyour wmony T
UOTIBTPEY INOYUITM
(2,002) ¥ £9¢| (d,021) X zee (2,0) % 9sz | (3,08) ¥ 00€
INTNOYIANT
INTANOYIANA HOVAS 9-3NO

LdHIONOD
NOISHd ANITAIAI

(ATIWASSY ANITAIEA TVIOL) SIJEONOD ANITQHEA A0 HONVIMOI¥Hd TVWIHHI -°AX TIEVL

57



194

ITW pa8ang
(06°0) #8°2 (98°0) 11°2 (€8°0) 29°¢ (O%T) L°T1%% 931sodwop
P239Y0B[ WNNOBA-UON °Q
(120°0) $90°0] (810°0) £50°0 | (S10°0) L%0°0 (0°1) z°¢ 8ur3artg Laq
puyg Tv quz
s " " " . " " " @31s0dwop
(120°0) $90°0f (810°) £S0°0 | (ST0°0) £%0°0 | (96°0) 0°¢ @wmﬂmmww pejovoer wmnoEp-uoN  °C
(9€0%0) %T1°0| (1£0°0) 860°0 | (920°0) ¢g80°0 (8°1) L°G SUI33ig £1q
pug 1v TR
(9€0°0) %11°0| (1£0°0) 860°0 | -(920°0) 280°0 (L°1) ¥°¢ 8ut3latg 1eI9R
PUY STID po39YoE[ UNMNDBA-UON ‘4
I3M
]
(06°0) 8°7 (98°0) 1L°7 (£8°0) 79°7 (091) L°THv T mwmwwm
P239YdEBL UNMNOBA=UON ‘€
(6°91) €£°¢¢ (S°%1) L°c¥ (Z°11) ¢°¢sc | (%°€1) €°2% SPT2TYS UOTIRIPEY
8 YITM oM
a31soduon
(L*68) 0°€82 (6°LS) L°z81 (5°82) 6°68 | (6°S%) 8°##1 SPISTYS pejexoer umnoep ‘gz
UOTIRIPRY INOYITM
(6°91) €°¢€S (S°y1) L°sy (Z°11) €°¢¢ (%°€1) €°Z%| SPISTUS UOTIERTIpERY
: 8 UYITM JoM
(1°1%) L°621 (6°82) Z2°16 (6°91) €°¢¢ (#°%2) 0°LL SP1oTys TeI3R
UOTIBIPRY INOYITIM PO33YJoBL UMNOBA T

Amooouv A L9€

Amoomav A 33€

(2,0) ¥ 9¢2

INTWNOYIANT FADVAS

(1_08) 3 oo¢
IR TNONTANT
9-ANO

Amum-“s\:umv Nz\mHH<3 - X013 IVAH ANYTAIEI

NOIIVINOTINOY

LJIONOD NODISHA HANITAHHEA

(VI4V LINA ¥3d) SIJAONOD ANITIQAHAd A0 HONVWHOLYHAd TVWNFHL - *IAX TTIVI

58



("q1 S'%) 8 1'g
CaT o't ) 31 60

(*q1 s°0) 8% z°0
("a1 0°2) 31 6°0
("91 0°1) 3% §°0

11eI07,

Wo3skg o84ng

s3zoddng Surqng,

wsﬂa:a (rut mN *0) Wd 9°Q 3o (°33 O1) W €

1o03eTNnd9y
SOATEA

(°q1 £°9) 81 1°¢€
("a1 0°9) mx %1
(*q1 ¢'1) 8% £°0
(*a1 2°2) 31 0°1

s1elor

sjaoddng

dung
3uIqng ¢

:8urqng A ur ¢*0) WO ¢°T Jo (°33 07) W I°9

WALSAS NOLLVINOYIOEMY

*s3daouod asay3l yo yoea o3

(sq1 z°T1) B z°¢ A1ejewixoidde ppe PINOM STY3 IBYI PIJPWIISe ST 3T ‘wa3sks 93ind © pue UOTILINIATIDA B oaTnbax Lem (s3deduod 3Jay) 9 pue ¢ ‘g ‘T sideduo) :i9joN
(IH pe8ang-39p) @3Tsodwo) pajsxdef wandep uoN - g 3deduo)d
(IM-420) °31sodwo) paleyoe[ WNNOBA UON ~ ¢ IdodU0)
(I'W-43Q) TBISH po3I9oB[ WNNOBA UON - 4 3doduo)
(ITH po8ang-19pM) TBISK pPOIdYOE[ WNNOBA UON - ¢ 3doduo)
(38M) @3rsodwoy pojeyoer wnndep - g 3doduo)
(33M) TRISK peaeoer wnnoep - T 3daduo)d
(6°€2)8°01 12307 {(9°22)£°01 1e30L | (0°TE)T1°¥1 18307 ((2°2€)9° 71 12301 [(9°15)¥° €T Te30L | (£7£9)6°0€ 18301
1°0)50°0 S9IT UOTAN
(8'me'e sodueld 02’0 I 539427 8 | (1°0)50°0 5911 uoTAN
(1°'0)1i‘o Sutqny a8ang ($°9)6°2 s8uetd | (L°0)E°0 so8es wnnoep 0z s13iev] 8§
€010 saanso1D pud| (8°%)2°Z so8un1y (1°0)50°0 8utqng, 98ang | ($°1)L°0 s95Tq 3Isang | (5°9)6°C sa8uelg
£Jup uorldeloag ER1E:10) )
9Lz sTequid | (£°0)T1°0 Seg 98ang (€010 o3 8eg 98ang | (€°0)1°0 pug uoraelnsul | (¥°1)9°0 SSATEBA WNNOBA ANWOVm.o $9889 WNNOBA
(e°0)1°0 013134 | (0°9)L°C STEqUID | (S°9)6°2 saduela | (0°9)L°T sTEquId | (S°1)L°0 saanso1) pud | (S°T)L°0 §95TQ IsAng
(1°0)S0°0 | s3uswydoe33y UOTAN |(1°0)S0°0 | SIusuyoelqy UoT4N °9L°e sTequrd | (€°0)1°0 0xo19a | (1°1)5°0 s3yopueds | (%°1)9°0 | SeATEBA WNNOBA
(01’0 Seg 28ang} (£°0)1°0 012197 |(1°0)60°0 [susunioelay oTAN [(1°0)S0°0 [sIusuyde3dy UoTAN |(S°0T)8 Y sTequrd | (§°1)L°0 §9anso1) puz
(*UT §2000°0) (*UT §2000°0)
wd49000 "0 wdH9000 ‘0 uwxowh
(€°1)9°0 ae1dR sxvke og | (€°1)9°0 aBT4 savkeT 0¢ | (£°0)T°0 0xoT8A { (€°0)1"0 8eq 93ang | (8°¥)2’z wnnoep ‘deay | (1°1)S°0 syjopuels
(8'me'e so3uerd
(*UT 500°0) (*uT 500°'0) (*uT $2000°0) (*u¥ §2000°0)
wdETo "0 wdeT0 0 w9000 0 wd%9000 °0 I2UTT
et e saokeT 7| (L°0)E°0 Ie1&y 04T T | (€°1)9°0 | IPTLW s32LeT 0 | (€°0)9°0 | IPTAN sI24eT 0E | (€°6)2°Y 39y0er wnnoep | (6°0T)L"Y STEqUTD
(*UT 500°0) (*ur $00°0)
woET0 "0 wa¢TO "0
(6°'%)€ 2 | xourT TeIOR ‘deap| (6°H)c*g | adury 1eIBN ‘deap L'o)e‘o aeTAN askeT 11 (F°1)L°0 xe[d saehe] zi (8°%)2°C autT asuul ‘deapm | (1°62)¥ 11 | 39%oeL wnndep
(1'm6°1 19Ut TeIBH | (1°%)6°1 asur] TeISN | (1°91)€°L QuUTT TBISH HT1°9T)€"L outT TBIF [(L°01)8°Y aur asual | (°81)€°8 |ur avuul
('an) 89 (cq1) 3% ) (ca1) 8% “("qr) 81 (*q1) 8% (cqr) 8%
IHOIAM WHLI JHOTAM WAIT IHOTIM WALL JIHOLAM WALL IHOTHM WALI IHOTHAM WALL
9 1dEONOD G IdEONOD Y IdAINOD € IJIONOD ¢ IddON0D T IJEINOD

ANTTAEAL CHT SINTWIVLIS IHOIAM

=°*IIAX TIIVL

59



(I'TH po8ing - 31°M)

000°ST (6°€2) 8°01 931sodwoy poleyoe[ UNNOBA-UON °9
(I - £aq@)
00% ‘%72 (9°22) €°01 231s0dwo) po3oNOBL WNNOBA-UON °G
006°61 (0°1€) 1°%1 (ITH - £1@) T®3ISH po3IdOBL WNNOBA-UON °*%
(ITH pe3ang - 39M)
00502 (2°2€) 9°%1 1839 Po3IoNOBL WNNOBA-UON °*€
00%° 6% (6°9%) ¢°1¢ (39M) @31sodwon po3vdoe[ WNNOBA °Z
006°L¢E (6°%9) %°62 (33M) TBIOW polsdoel wnndep °]
(sq1) 37
($) 1so0d IHOIAM SIJHAONOD ANITAHAL

SIJIONOD ENITAHAd CHT 0 NOSIYVAWOD LSOO ANV IHOIHM ~-°IIIAX FIdVL

60



NOTLOV JAILIIYUOD

NOISSTIH NO JLOVAWI

NOIIOEIZA H¥ATIVd

*o1ydoas
EEEYET | sejeo aq pinoy ‘3uswiaed
paaynboy 31 a8upyg ayeday 0N jesr 310qy{ -wWo) UT UOTITPUO) Snopae $310g UOTIV933Q
(81) se awegjpue aAOWIY “leag aouiday 37 aouyy f§ 1eraueiog | -zey -aueyyedoag 3o ssoq | desy Yasay yea wajehs yeop a8ueig (3
983Q 3sang 2an)
-dny 03 paajnbay 38yl jOo 88IIXF u} *39%0B[
2anggalg 1rulajuy £1ae) 03 3Ioe( A wnnoes jo aan3dny TeFIUL]
unnoep udysag ‘o8Q 3ISING 8an3 -0g ‘uoT3dTaIsSIY Moy Suy
-dny o3 poajnbay 3Byl jJO €825X3 UT UOTSSTH -gney  9anidny 03 danyrey
2angsa1g £1aw)y 03 1duyq aouuy udysaq 3o 8807 310qy 31 uoysodwy suj FdUUT
*389], 20uB1daddy puv UOTIBLTITIENY 257Q 3sang aceiday 1e713Ua304 | 1PIIUR304 *jed] 3T (O1) se aweg (°1) se sweg aanadny 03 aanjyegéyeen 083q 318ang (@
3310QY
(1) se sueg (91) se sweg 20Ul 1BI3UR30g (21) se suweg (o21) se oduwwg yeoq 288y wnnoep (P
‘8914
-Jsuapuo)y asowdy 031 938 “3dup ‘
_-noeAd-9y pue a8ang lqp -w103a9J BWABYJ UF UOF3I
39)oer unnoe) Mpaafnbay oq Apw Juswoorid 3a0qy | -®peadaq ‘sninuuy uy sayq
o3ul 2ATvp p1eM  ‘aso] asueadoosoy]’ -8y auyq) deeq ajedoy aoutgll t1e13Uslog | -1suspuohfunnosy jo ssoq Jnopeay 288H unnoep yeag 2ATBA WNNDBL (D
uo}39330ag deam -28sweQ TBUIAIXF
-19AQ DPJAOA4 20 13)dEr 38®H IINITYL *snTnuuy
apjacag a8eweq juaadag oy ‘sa1qisuapf Suysse83ng o3 ang 31 Ino wnnoep Ul S3]QISURPUOYH
-uoj pue 8uyssedang judaaxg o3 Inofl -9jeg wnnoep *EI[qISUIP gutsselang -
-9jug wWnndwy pue Joxjuoy uojaeutwesf] -uop 03 ang 3T LAENndEAy yeor
-U0) *39YIBL WNNOBA PUB DUYT AdUUT pue a8ang “gp e 330qy 3DUBWI0F A9 voyaoadsur “osyq asang 39}0B[ WONDBA - 8607
uj @I JUIABIg 03 DA0QY SB  dWeg 03 ang 37 Qujpq sovlday aouy] 1eT3USIOq Tewisyy ut uorsepeadagfrorg ‘aInopeay a8es wnnoep § Nyea SUTT IdUUY - wnndEp 3928 wWnnoey (q
VOTSSTW Juauw
1§9] 9douB1daIOY puw 3o 8807 210qy § -3aedwopy uy sasey snopae 281Q 3I8Ing
uotaea1zIIEny“urBaey yaia usysag auyq ade1day 1BIUaZ0g 248714 § -zeH ‘aueiadoag 3o seoqfmolg ‘Inopesy 988H wnnoep yea auyy 1duuy (¥
(32m)
139K peddydEr wnndoepy T
NOILNIAZ¥d JuNTIVd JHOTTINT IHO17434d WILSAS NO LOVARI| JAON MANTIVA NOLLV¥NOIANOD

SISAIVNV SLDOHAAH ANV SHAOW HYNTIVA - XIX FI4VL

61



(31) se aueg

10a3u0p
2anpadoag pue ufysaq divMPIBH

‘uois

-1ndxg se9 ® 2anssoag a8ang 1oajuony
*Lag deay 03 2adydsowly ojuy Kajua-ay
uodpy waekg 98ang prnoyg .omu:mn Bl R
puB §31NnPad0Ig [0IJUOH UOFIBUTWEIUOH

(31) se sueg

(qg) e sueg

(31) osuweg

V/N

(31) aweg

(qg) suweg

*a1y pINbIT

woly paezey

(31) sv eueg

(qg) s® suweg

*autrpeag

2y punoay ¢¢r] 30 uojjew
303 *3juB(1adoag jo sso uy
Sut3Insey ooupwIOIlng TBW
-1y, uj uoyiEpedag Jued

(31) se suweg

(q¢) se ouweg

*T'TH @43 uf uoyivu
-Twe3juoy 20 28ang jo sso

(31) se sweg

*aanssaadaaag

98ang *e98ing jo sso0q

“youneg

Sutang uoysyndxg~sen
9ATIDTIISIY 20 2INSSDIG
13a0 08ang £q TTW 28eweq

ague1g (P

Ewum%w.uwhsm I (@

*8eg 28ang 2a73109301g Suoalg *91qiseag v/N§ 1eriuaiogf-13yudys ‘odupwioyiag (ew ST @sne) 91qEqoag 3Isoy f *ITW 2yl uy Supesy °d1y
*8uypuey njsaegf 3soy s edeyqg uf ajedoy * I0UTY| caoutyff-19y uy uotiepradeq IOUTR *uoyioedsuy ¥ 10 aedy ‘afeweq [BUIIIXY I (9
ITH 2ui *®21y ajeg 03 SBH
*98BwBQ JudA3Ig 03 £2INP2D *£19%F7 350 ST Iusw f§ utl 3297709 MIT3H YI¥m pading pue ITH| *uof3dads
-0ag Ingaiey 3831 2due3dedoy pue || -aoeydey suyT -a1qIssog Aey seg) 310Qy] UF pe3dallo) Sen snopaw -ur -asay jyeo] waisdg
uo}Ied1IFIeNY ursaey yiim uBysaq ©oq Aey soe1g uy ayeday snopaeze§ T(efiusiogl -zeq ‘jueiiadoig jo ssoq “juey WY §807] dInsSsaig *a8eweq JeUILIXY °NBI] Uy TBISK (B
(I'TM pe8ang-3amM) 1PISH
Po39{OB [ WONJBAUON °€
(31) se sweg (31) se sweg (31) swegl (31) sueg| (31) se sweg (31) s® sueg (31) se sueg ?8usTy (3
(31) sw aueg (21) se auweg (31) sueg (31) suweg (®1) se mﬁmw (31) se ouweg (@1) se auwg 287¢q 3Isang (@
(P1) s® ouweg (P1) se oweg (p1) ouwesg (P1) sueg] (P1) se aueg {P1) se ﬂumm< (P1) s® aweg wwmu wnndeps (P
(21) se auweg (1) se sweg (21) sweg (21) suweg (1) se aweg (°1) se suweg (1) se oueg BATBA WNNdEBp (2
‘uoyjean81juoy SIYL UO UOTIDVI0AG
a8evweq sopjA0lg deamisag 233s0dwop . 330qy]|
‘a8vweq 103 1dooxy ‘(q1) se oweg (q1) se suweg uocuzJ 1eT73Ud304 (q1) se suweg (q1) se susg (q1) se sweg 3eyoer mnndoep (q
UOTSSTR
3o ssof| 330qy
(e1) se sweg duyq avejday 1BT3U2]04 Y8114 (1) se sueg (e1) se sueg Neaq duy] Iauuy (B
(394) 2318
-odwoy pajayoe[ wWnndBy *Z
NOILNJAZYd F¥ATIVA NOILOV JAILDIYNOD LHOTTANT) LIHOITIT U WILSAS NO LDOVARI NOILDALAd FUNTIVA JAOW A¥NTIVA ZOHﬁthOHMZOU, -J

NOISSIWN NO LOVJIWI

(QAONIINOD) SISXTVYNV SIOAIIT ANV

SHAOW TINTIVA

-'XIX 719Vl

62



(31) se sueg (31) se sueg (31) owegy (31) oaweg (31) se auweg (31) se suweg (31) se auweg 28uetg (P
(o¢) se sueg (og) se auweg (o¢) eweg (og) eueg (o¢) se suweg (o¢) se sueg (2¢) se sweg wo3skg a8ang TN (2
(ag) se ouweg (qg) se auweg (q¢) @uwes (qg) asweg (qg) se sweg (ag) se sueg (qg) se oueg I (4
(vg) e sueg (vg) se sueg (Bvg) sweg (eg) aueg (eg) se sueg (®g) se sueg (Bg) ‘se suweg ouy] Te3IoN (®
(I
pasang - 39M) 93ysoduwog
P93 IB [ WNNDBAUON "9
(31) s® sueg (31) se sueg (31) oueg (31) sueg (31) se suweg (31) se oueg (31) sv sueg o8uer1g (@
(qy) sw suEg (ay) se sueg (qy) awes § (qy) suweg (ay) se ouweg {qy) se sweg (qy) se suEg ™ (q
“a8wweq 03 3IqT .
-3daosng wm\! 1daoxy ‘(uy) B Buweg (ey) se asweg (ey) sueg (ey) ouweg (ey) se sweg (eh) se sueg (ey) se aweg Suy] [eISH (®
(I - £aq) @3tsodwop
PIIM[OBL WNNDBAUON °G
{31) se suweg (31) se sweg (31) suweg (31) oweg (31) se sweg (31) se sweg (31) se auBg a8us1yg (°
B Kouator33g
1BWIY], *35uBLIOY “youne Butang uojsIndxy
ut uofzonp Jajy pynbyT § -194 Tewasyl Ul uoyIBPEI s8H 9A3IDTaISRy  *dYy
(qg) se aweg (qg) se sueg -9y aouty § 1eTIURl0g f -8°@ jueorzyusyg aouly ‘uojidadsuy § 10 awsy ‘98eweq 1BUIDIXY T (9
*310qy
1eT13IU80g
Pwll 148114 *uot3dadsur
(eg) se sweg (eg) se aweg 2onpay BUON jue1adoag jo ssoq "389] )8 WI1ISAg *a8ewrq Am:uuuxm‘xaoa aUTT T8I (®
(I - £10) T839R
POIM{OB[ WNNDBAUON ‘%
NOTINIAYYNd FUNTIV NOLIOV FAILOFNYOD IHoTTANT A JHOT1I3ud | WILSKS NO LOVAWI NOI10313A FUNTIVA Q0N F¥NTIVA NOILVMNDIINOD

NOISSIK RO ILOVAWI

(QIONTINOD) SISATVYNV SIOTIAT ANV SHAOW MINTIVA - XIX TIAVL

63



*c pue 4 ueyl punoald uo spaezey I1e pInbil o3

(I’ pe8ang - 3I9M)

91qTadsosns 910K °G 10 4 uBYl JIBF 01 sjuduoduwo) SIO0R 931sodwo) poIdNOBL WNNOBA-UON °9
*9 a0 ‘g ‘g ‘1 ueys (I - £1q@)
punoa8 uo swoJqoxd o3eyes] 309319p 031 3Ide SSO] 931sodwo) poIdOBL WNNIBA-UON °G
°g 1o ¢ ueyl o3ewep JRUIVIXD 03 °7qTridodosns BIOW °¢ (Im - 410)
ueysy punoa8 uo swafqoad s8exqes] 109318p 03 1de SSIT 1BI9H P2319¥OEB[f WNNOBA-UON °%
°C Jo % ueyl [IBJ 031 sjusuodwod VIOK °G puB ¥ UBYZ
punox8 uo spaezey aATe pInbIil 031 81qridodsns dI0K (I pe38ang-3ioM)
*g 30 ‘¢ ‘z ueyl oSewep TBUIDIXD 03 d]qIId9OsSns VIOK 1BIOW Po319NOB[ WNNDIBA-UON °€
*g 10 ‘G ‘4 ‘g ueyl TIBI 03 sjusuoduwod BIOR °sSnInuue
wnnoeA 3yl ur sodoloA9p UOTITpuUoO danssaidisso IT
uoTsoJdwT SUIT ASUUT 03 ] UBYJ JURISTSDI SSIY
°T ueyl swoyqoad 3ulsse3ino saey ol ide DAOK (3°M) °3Tsodwo) po3dNOE[ WNNOBA °7
*g 10 ‘G %4 ‘¢ ueyl JIBIF 03 sijudUOdWOD DIAOK
°Z ueyl 9SewRp TRUIDIXD 03 OTqTIdoOsns DIO0K (3°M) 1®ISW poIoyOoBL WNNOBA °T

STANLVIL FATIVOAN

NOILVINOIANOD LdIDNOD

STINIVAL FATLVOAN J0 NOSTYVAWOD -° XX ATIIVL

64



*fxjus-oax 3utanp 93and se8 Lip poledIpop soaInbay °q
*suotieaIn3TIUO0D polaorl umnoea ueyl STqISEIT (I po8ang - 38M) s3tsod
€ axow st welsks ITW JO K3ITTIqeatedsx pollBISUI °®B ~Wo) poOloYNOE[ WNNIBA~-UON °9Q
*9UTT Tejsw-~71B 94yl ueyl ‘deamisno
03 anp ‘a3ewep 03 97qriddosns ss9T SUT] [BISW °O
*walsAs 93and 1oz poaatnbaa L3TITqRUTIBIUTEW ON °q
*suot3eINSTIUOD po3looBl WNNOBA UBY]} OTqISEOJ (IM - £1q) @31sod
1 axow sT wa3sLs TTW JOo L3TTIqeaTedsxa pollelsul °e ~Wo) poOISYOB[ UMNIBA-~UON °C
*‘wa31sks 93ind JoJ poarnbex LITTIqRUIBIUTIBW ON °q
*suoTiean3TJuoo pojloyoel wnnoea 103 ueyl STqISeOT (I - £1q0)
4 axow oq Kew walsks TTW Jo L3TTIqeartedsa pslleasul °e Te319 poISqOB[ WNNDOBA-UON °h
*£13jus-oa1 Butanp 93ind sed Lip poajeoIpop saaInboy °q
*suoT3RIN3TIUOD vouo&wmm mnnoea ueyl S91qISes] (I'IR pe8ang - 19M)
L/ saow sT wa3sks TTW Jo KL3rTrqearedoa poyrelsul ‘e 18IS poIoNoBf WNNOBA-UON °€
*ITW Sursn s3jdadouod 103 UuBY]
193e933 sjuswaarnbox A3ITTTqEUTBIUTEBW WNNOBA °q
*(s309fqo daeys woiy 2anjound Juristsai
103 onaj L[Ieroeds’d) ITH 2yl io 3oyoel unnoea
Ie32w~11e 9yl ueyl o3euwep 031 97qridoosns ss9] (3°M)
S pue 9]qeanp 9I0w ST 39¥Oe[ uWnnoes paddeamisag °e 331sodwo) pIIdOB[ WNNOBA °*Z
*ITH Sursn sidaouod 1037 uByl
I193e0a8 sjuswaarnbax LJITIIQBUTBIUIBW WNNOBRA °q
*ITH X0 ®93Tsodwod 3oyoel wunnoea ueyl (°939°sjusp ,
9 ¢s3uip) o8ewep o°139Ylse 01 97qTIdI0SnNS BIAOK °*B - (35M) TBISK poladel wnndep °]
ONIZANVE SNOILVIdQISNOD AHA LJIONOD NOISAA UNI'IdHId

NOILVNIVAT XIITIGYNIVINIVA QNV AIITIEVSATY -“IXX TI9VL

65



(3seq sT 1) ®°ousisjead Jo 19pio UT ST JUTHURY xy

*3y8113 Buranp pue Leq 031D UT 938I03s 3Juranp JJo-IToq JO WNG y

(9°0¢) (L°9) (6°€2) (3°M~ITH po8ang) o3Tsod
€ € 0°S¢ 8°¢T 0°¢ 8°01 -WO) PoIANOEB[ WNNDEBA-UON °9
. . . Sutatd
1 1 9T Aw.me AM.MV AM.MMV reratur aeazy | (430 - ITD) 23tsod
uadQ aaleARIg -B0D PIINPEL WNNIBA-UON “&
g
(8°%%) (8°€1) | (0°1€) o (1@ - T) T1e€3
¢ z 6°61 £°02 . IR e e39308 , :
Z°9 T1°%1 uadg eATBABIZ -9 PO3IOYOB[ WNNOBA-UON °¥%
Y Y c0z (z°0o%) (0°8) (z°28) (£2@ - I'TW pe8ang) 13
T°81 9°¢ 9%l -9 pOISYOB[L WNNDEBA-UON °¢
¢ 9 yoch (z°veD)|  (e°LL) | (6°9%) SpPI9TYg uoT (39M) @3tso
€°9¢ 1°6¢ €°1¢C <3eTpeY YITM -dwo) po3oddEf WNNOBA °7
9 ¢ 6° s (s°ev1)] (9°8L) | (6°%9) | . SPI®TyUS uoOT (39M)
0°59 9°6g ¥°62 -3eIped YITM 1839 peleyoel wnnoep °T
IY3TOM
wo3sg yStomM | IudToM
£3TTTqEUTEIUTENR (0001%$) | 1e30l |} F3ForITOGx{dUTIpOS
pue huﬂﬂﬂnmm=mM%* %uaaaﬂdga&&%% 1s0) (sq1) 33 3ySToM walsdg uorjean3TIUO) adoouon u8iseq

SIJAONOD NOISIA HNITAHAA A0 NOSIYVAWNOD WHILSAS - "IIXX TIIVL

66



100 +
50 1
2
10 4
N
S l
S~
N
O
>
bt { Structurally
2 Significant
8 Environment
—
g 1.0 1
= '
Q
1)
o
©n
0.3 4 //////////////////////////////////
; Liftoff and Boost, Estimated
Random Vibration Environment
24,5 grms for Structurally
,/////’///’ Significant Portion
0.1 T A Y
T o 20 100 300 1000

Frequency Hz

FIGURE 1,- LIFTOFF AND BOOST, ESTIMATED RANDOM VIBRATION ENVIRONMENT

67



sTetaalel deimisaQ 9218pIpuR)
103 @sanjeaadws] snsiop AITATIONpuUo) Jewasyl Jo uostaedwo)d =-°z TIAOII

. AMOV M sanjeasadway], .
808 Aoomv 80& 808 SONV Soc

€ee 8.¢ 444 L91 111 9¢ 0
'l e A 'l (1 Il o l
. =y
. o
\\\\ w
q - (2°0) €°0 ~
O
o)
2.
[ (7°0) L0 g
ct
M.
@ v - (9°0) 0°T
<
=
S~
- (8°0) 1 &
=~
~~
&
- (0°T) L1 g
~
rh
ct
=
r (2°1) 1°¢
T o
0 Z
- (7°1) v°¢C

UOTIEeJUSTIO TETIJUBISIUNIATO ‘Axods 93t1ydeas a

uoT1e3lUaTIO [BUTIpPNlITpuo] ‘4Axods uoaog 9

UOTI3}BIUDTIO TBTIUDIDJUNDATIO ‘Axods sse[3-g d

uoilelusaTio TeurpniTtpuo] “‘LAxode sse[8-g v

T puogdeor]

68




- WONIRNTY ANV SAIISOJW0D TYNOIIOHNIAGNA J0 WOIAVHAS ANOIIVA NOISNAL-NOISNIL -°¢ MIN9Ia

N ‘3aniieg o3 s9I94) Jo asquny

01 01
ooH moH ¢o~ € 4
L N B B  LJLELI B B B B | IJLELILIE S M M  JLALALILEL N N S § AL 0 0
o HNmN 1z ) 41
T i 1(ov ) 8¢
l”// wnuiunly ¢ - qNoNN
i Y S 1(09 ) 1%

1(08 ) ¢

AX0dd wwﬁwl..m:
1(001) 69
4(oz1) €8
AX0dd NO¥Og 4 (o%1) L6
ll:llllllAlev:llluuuuuu1illl
o o —_—— ————

——
— ——

(091) oT1

0001 X (tsd) Zmo/N ‘559135 WNWIXER

e

XX0dd/6% AVIADI, (081) %2l

(007) 8t1

69



STVLIN QNV SALISOJWOD 40 YOIAVHHY HADILVA A0 NOSI¥VAWOD ~°% TENOIA

2WIL I0 S$3]94n =onl1iejg

UOTJETITUT
GOHummmaoymnlh_ mm suorjo9jasdwuy TeETIITUL
sTeIoN
/vHOSmed_H
uoT3oadsur
921§ ——--2>X \\
93ewe(q
TB2T3TaAD
s93Tsodwo)
2INIOBI o SPToA
spuoqaq

syoein 9311sodwo)n
SuTyoriI) XTIAJBR
UOTJBUTWETd(
sI19qT1 g us9loag
SHELISOdWO0D

y38uaq joeid
TVLIN

dZ1S dOVWVA

— AN J

70




SN'INNNV LIIOVL WANDVA NI SCTIHIHS NOILVIAVE 40 mUH.HmHMMH.U{méo -*S mMN9Id

SPI9TYS UOTIBIPEY JO *ON SPISTYS UOTIBTPEY JO °ON

1 01 8 9 i Z
o- 124 m 4 @c L .—W ¥ .m | 4 o m.. o :
T—o
w“-
B (1°0) svo°*
B .
= (z°0) 160°
m-
-
> (€°0) 9¢€1°
o
[@]
) .
I ° (%°0) 181°
1
QuTTpesd A »
po39NOB[ WNNOBA : 0°C u (s*0) Lze
{g1 ur sasdeq —_
g 03 SYIT$ 8 - (9°0) 2Lz
SPIoTYS UOTIBTPEY JO °ON ) o SPIoTYS UOTIBIPEY IO *ON
o1 8 9 Vi - & 01 8 9 i Z
0 ©v =3 — 0
'y ¥ ¥ v v v v - .- ] | fA 0 L v v v o v Ld v
(] [
. - w W b H
[(40021) ¥ zZ€ = °anjsasdwsy °083InS_ | (007) 65 B vy 200t B
: Amuwu.qu Na 2'z 30 eaae’ 3oydEr wnndBA Iog] | m e o
. . p A P o
' - (00%) L11 ad U.. - $00° W
=]
vee | o1 -\ m,a - .
L6 8 (009) 9L1 | 900
0°L6 g | - [ i
%°56 € | B
. 2 e L .
pe3BUTWITH SPI°TYS | ~ -
COHU.N.“V.W‘M ANV No toz AOOOHV mmN ”u*.. o O.HO
o’

71

(*sq1) 81°IySTeM PISTYS SUTIPI3d



SOTANNYV WANDVA NI SATATHS zo._._”.Hﬁ”Qdm ‘DILVWEHOS TVIMIHL -°9 MINDIJ

™N-

y 4

) |
SPIOTYS UOTIBTIPEY { \—

surt zewu / | N

= , - @

sSNINUUY WNNOBA

~ .. €./ /
39%oBL WNNO® >/ 2INT0AUO0) | Hl\

72



(50°0) 20°0

(20°0) 600°0

(€1°) 90°0

(z1°) so0°0

SIdIONOD 4JOQNVLS dANIT CALTAIVL WNNOVA FALVAIANVD J0 NOSI¥VAWOD -°/ HENOIA

uoT3Ro0T TBIPRI I19d SIJOPUEBIS DIAYIy

: : (*utp°y) woz*el = *erq@ °utrl (4 _0zh-) A 22 = wa .
19938 §s9TUTBI§ :TBTIVIBW (°UTG°Q) WIE°] = snynuuy wmoowv A 00¢ I :suoI3Tpuoc)

L
< —§
Y-

. (*urz0°0)
(8) €2 wog0 °0
°p
Y3 ("UT 10°0 X CUTQ°T)__ e
(o1) 0°¢€ wogn*0 X WiWG g . |l _ __
), ¥Amo 9
*D

Y-y U0T31293g
(*u190°0) WoST 0 —
T
($) ¢°1 °AUI (°UTCIN°0 X °"UTSZ°0)
wogH° 0 X Wo9°Q

{
. {
7

(*q1) <%
1y31epm

1
(*urg9p°Q) wWOCT*Q ped uoljeL
SIS
(<) ¢°1 »ya (°Ur0I10°0 X "UIGZ°0) nm‘ﬁ
A wog0°0 X Wo9°Q —
C=u/maa) T3em | =

x(82 €)
. o ’
xnid 3esH

‘e
ke

73



(90°0) €0°0

(s0°0) 2o°0

SIJIONOD MINSOTI ANF IANIT ALMIOVL WNNOVA . J0 NOSTYVAW0D -°8 TINHIA
G \
sSBIH
(c8) £z 19938 ssaTuteis (*ur ¢po°o)
wd€T0 *0

(°uT 0€0°0)
= wogp 0

umnﬂmrmmmHo\amuwz uryy °°

L
N
. (*ut 0€0°0)
(7sC5  8°€01 w>g0°0

oL .
1BUOTIUSAUO) P

El/_al (ur 7) worg  —3]

(¢z°0) T1°0 an zv¢ (*uT S10°0)
wd%0*Q
o], I&N
souo) 1eOTIpur(dy °°
1 (°"ur 6Z°1)
L |/\” woz* g ||V_
(zz'0) 0°1 (s ¢°¢ (*ur €10°0) _,,
waQ*Q
oL S smoTTog TBIXY °q
19238 ssafulelg = [BTIDIELY :
- ("uT 0°%) WIZ°QI = ®IQ PUT] L\
(*ur 05°Q) wWIE’] = snynuuy 6 3
(50°0) 20°0 (€11) €€ (1,02%-) 1 ¢z = 11 (*uT $10°0)
(Z_08) ¥ 00€ = oL waK0 *
(*q1) 3y (*a1y/nag) 33epm SUOTIJTpPuUO)
I3y819aM XnTd 3Ie9H oL sniol JIBH °®

74




(o°%) zot| (0°%) z°O1
(z°6) z°¢1| (zZ°9) ¢°¢l
(#8°0) 1°C %°0) o0°1

NOILVMNOTANOD INIOf QEONVIA IVIEW EVIINISSIA TVOLAAL -6 TOTL -

a’I
.Q.o,
H

wnutwNy Ss

SUOT SUBWI(J

(ur) wd “SNOTISNAWIA FONVII

8ur313T4 pudg [9931S SsoTUIBIS
031 Wnulwn]y popuog BI3xsUI

pt

UONMHOU.GH puog ’ ’ a

.,

19938 SSOTUTBIS

. y
(°ur moo.Slnw

wdET0°0

——————

asurg amcoocH||\\\\ B _.Q.H

umaﬁAmoH

8ur3374. pud

aqnL 3

popIoM SIBTIOH -

75



aoezaajul dundoqang

. _._AllA.ﬁ 0°16) WO TEy —t
o)

SNOILOW HOVIJIINI ANV

(*ur 8°¢8)
udz 01z

(*ut 0°99)
woz ghl

v

1V

@oeyaejuY

aATBADIJ (*ur 8°LG) WILgHT —>

t

INTTIqEEd -°0T MINOId

dundoqang,

sutBug (v 3) £0°0 j

+
(s*0 7) 10°0 % )

{13 200 3

(T'7) z0°0 % \/

.Amwuwwmnu suelpey

© NOILVINONY INIOd

(z°0) S°0

T

(z°0) ¢°0

(¥€°0) 98°0
(€1°1) 18°C +

+1

(1°0) sz°0

i

(0°1) ¥s°2

(0°1) %s°2 q

+1
+1

(2°0) s°0

+1

(z°0) s°0

(e1°1) L8°C

(7€°0) 98°0 + v

+1

Z

T

X utog

(*uT) wd SNOILOHTAAA ANIT

76




VINELIIYD D4SW ‘SSHNMOIHI TIVM WOWINIW I0Nd -°11 TINOId

SaYouT I93BWeIq

JE 8¢ 9¢ 7T [44 0¢ 8T 91 1 1 01 8 9 | 4 0

A 1 A [y 3 A s 2 N 1 | 1 1 1 2 ’
wd J932wetrq

mn @m . .mo mo mm @m m¢ @¢ mm 0 6T 0¢ S 01 S 0

s

G20’

0s0°

SLo°

00T1°*

YA

0ST°

VA

ooc’

gee’

0sz®

YA

wo SSAUNOTYL

BRY

- 010°

- 020°

- 0€0°

- 0%70*

-~ 0S0°

- 090°

- 0L0°

- 080°

- 060°

- 00T°

- 01T*

S9YOUT SSIUYITYL

77



suy8uy / | .
\/ (peso1)) 2ATBA®I] I\

SNOILVINOIANOD ANITQIAI CHT IAM ANV X9d -°Z1 ZMNOIA

uadg ~
v A
SATEBA k_ o~
peo1g z ul ‘~ A
(%HT Fo 1InJ)our[pasi IoM ~ v oA
X VA e e
= = == VA
~ o~ v A v ~ a7 v ~ ~ ~ ~ . NN A A
~~ ~ Ay ~ rv ~ P’ ~v v v -~ o %
g“d“\“f)ﬂ}\?if')ﬂ"\’)\)‘( Al Y A Y YDV
Ny v ~ ~
uotielnsujl e e
~ A oA
dATBADIg o A
poaeInsurun N\~
4551 \p=

‘uinq suiBus 3ISIATI 19338 uUOIRINSTJUOD I0F Sopow [euoreiado
Jo uo13draosop ©9g °BUTATI asur3us ISATI °91 “sIY %/°HT + I 03 TITJd pPunoin woldy uorleindiJuo)

P2SO1D

aATep duilldu SATEBA :
/:V\«Im\ \l poa1d coﬁumHSwuH.I/

autiposg Lag

78



ANITaHEd A¥Q - SNOIIVMNOIANOD TYNOILVYEA0 ANITAHAI -°€1 TINOId

s8uratd ourSuy usomiag juelieodoag Jo PIoA

§1 ouj] pue Suratg suySuzy yoes 1933y pedung H1 . . Sutatg sursujy

(2,08) 1 00 = oa pu® *sI§ 0z - OWIL PIOH pPuUnoIn : amﬁuaﬁH ow juanbesqng uadp sutTBwWOY SATEBASIZ

9883038 913IMYS (d,007) A L9€ = g (2,08) X 00€ = 'L pue “SIH 0°Z - WL PICH vauoww

Sutatg sutduyg | : °8e103s 3133nys (45002) A L9€ = L

pue uotieaadg Bny 303 (I,0) A SST = oa ‘aoB3aNg o ‘uotjeaadp 8nL 103 AmOOV A S22 = ©1 ¢ooBzang auy]

sut] jo aanjeasadwsl‘Surieop TewWIBYY Y3ITM pd3eo) Uyl . 3FO musumuomﬂoaawnﬂuwoo Tewa9ayy, YiTM po3IBO) OSUTT
SNOILIANOD . . SNOILIANOD

IJNAd ANIT ANV .

ONINId ANIONT HOVE WALAV qISOTD ANIVATNE -°III EAOW  ONI¥IA ANIONE TVILINI YALAIV NZJ0 FATVATE -°II FAOR

(surl JoM-uo13eIadg Sny)
% %°89
*SaH 7°1¢

(sur1 £1g-uot3isaadg sn1)
% €°L9
SIH L°0€

(3ur1 4£1q)
2881018 9133anyg

% 9°1¢
*8aH [°%1

(sutr1 £aq)
98eJ03g 9133INYS

% 9°1¢
*SIH L°*%1

(Sur1 I°M)
3utarg auilduy

% 1°T °8aH G°

79



120 1

90 -

130
110
100

H 80

~

2

m 70

]

g 60

o=

53

m 50

2

o 40

Q

L]

1]

g

(o]

-

[l

o 20

«

()]

)

10

80

30 1

Turbopump
Interface
Temperature
278 K (40°F)

ture

Tempera-

Heat Transfer by Engine - Watts

K

Op

367

311
256

200

200

100 -
0

100

1 2 3 . 4

5

¥ ¥

6 7 8

Length to Diameter Ratio of Dry Section

FIGURE 14,- HEAT TRANSFER FROM ENGINE TO FEEDLINE



300

5001
& v
' 4504 v 2504
Q )]
(4] (4]
& 400 3
o P
o 2 2004
£ - 3501 i
(=7 o
E 300+ g
& &
.g .a 1501 .
=] 250' = .
= |
E 2004 &
: :go 4 éo 1004 -
1504
] ]
5100 &
- B 2 509
(] [}
5 504 b
& & | .
= 0. Hoo—

0 2 4 6 8 10 12 14 16
Time From Engine Shutdown - Hours

FIGURE 15.- TEMPERATURE VERSUS TIME PROFILE FOR ENGINE TURBOPUMP INTERFACE

81



82

(11.56) 20.0

Temperature Range:

/N, 78°-300°Kk (140°-540°R)
”~~
g /
]
'.o-l Y
9 /
& (5.78) 10.0 ’/
(4.62) 8.0 //
__1.27cm (0.50 in.)
l Tuft Spacing
(3.47) 6,0 .
/ 0.95cm (0.375 in.)
/ Tuft Spacing

(2.31; 4.0 /Z/

. | Natural Density
(1.16) 2.0 - ; 12 layers/cm
(30 layers/in.)

Appareﬁt Thermal Conductivity W/m - K X 10“5 (Btu/Hr, - Ft.-

(0.58) 1.0

0 10 20 30 40 50
(25.4)  (50.8) (76.2) (101.6) (127.0)
Density, Layers/cm (in.)

FIGURE 16.- MLI APPARENT THERMAL CONDUCTIVITY VERSUS LAYER DENSITY



ANSSTAd SVO WAITAH SNSYAA ALIATLONANOD TVAIEHL INTNVAAV -°L1 9an8T4

(ax0]) ®anssaad seH WUNTTOH

o1 01 ot
efoH N,oa hwﬁ z- ) = 9- :
;a : . - (8,-3E-T/03E 0T X S§°T) M-W/M 0T X 972 = %
uot3lonpuoy PprIos p , p %. K _
snIg UoTIBRIPERY \IlllllAsocH\mnm BT 0f) wo/sav4e] g1 A3ITATIONpUO) TTH P m|o~
. : ~ (c.01)
..¢:o~
. L
(,.0D
uof3Ionpuo) 5 man
sNo9ses
- (.01)
. . - NuoH
(9 -3g-ag/nag; . . K| 2676 =
(8,-34-2H/734, 0T X §°6) A, /M, OT X 2676 =1 . y L oD
aanjexadway °98ea9Ay B L3JFATIONPUO) °F V [
- ﬂ-oH
‘ a.. ) : .‘ . _ - (;.0D)

83"

(¥, -3d-2H/139) A <m/M £31AT30NpUO) TEWADYL Jusaeddy



(1, - 733 - ‘Jq/'ﬁ?4-”h:g) '

NOILVINSNI VHAVIILINMW V J40 ALIALILONANOD TVWIHHIL

INTEVAdY NVAX FHL NO TINLVIIAWIL X¥VaNNOod 40 ID3addd =-°81 HINOIA M

aanjeasdwa] Aiepunog-wiem

d,(00€+) (002+) AAomH+v _ A¢v _ Aomﬁ-v. | Aoww-v
| ] 1 | .
31007 0S¢ 00¢ 052 002 0ST
| | 1 ] | 1 0
0 )
— (4€2% =) A 0T = P10, i
- s
——— p— —

. - O\ .
60 B _ — : — %°0
e \ il ————]

| S~— Amooumvﬁm.«“ = PTO2, — 9°0

B " et
0$°0 |—

— . . R . — 8°0

| — o0°1
SL*0

Ay~ WO/ITEMITITH
£31AT30NpPUO) TRWIDYJ

juaaeddy

84



INTT @I0D V OL ANIT WIVM V ¥0d NOILVINOIANOD YHASNVEL LVHEH TVIXV

=°6T MNDIA

o

P sur]

uoT3IBINSUI TTW

199 _ d
) o\ I
»~

85



: | : : | : | : SR : J o
wevisons
e [ rom pr— e | s
.025 WALL
. - °.0 - ) 1.5 2 LAYERS S-GLASS SPRING ©
T TP HELICALLY WRAPPED LOADED STAND OFFS,
'" r s l i S e /— ENTIRE JACKET REUSTANCE WELDED INTO H
.- = 4+ JACKET 3 PLCS 120° APART
oOo7 TYPICAL ALL STANDOFF LOCATICNS
WaLL TEFLON STANDOFF TYP,
i s.0
©.D
B
— ° <025 JACKET THicKNgsy ' I
STAINLESS STECL 0.0, INCONEL Tig T ELBOWS
i ' INNER LINE
Demae & Devmic F Deran H
NO SCALE : NO SCALE NO SCALE
TYPICAL CONCEPT 1 TYPICAL CONCEPT2 TYPICAL CONCEPTS 122
V2 LONGITUDINAL LAYER , 25K .01 THK
G GLARS CLOTH LAID IN EQUAL £20 THICK sPQNG RESISTANCE WELD .
e se” WIDTH STRIPG WiTh EQUAL WIDT® BONNET BONNET
N:S,\Y:::ND SUASS eams. AROUND ThE 7 STANDOEF  LOCATION
CIRCUMFERENCE TERMINATE LT Y2* TP B PLCS
o LTHER SIDE OF STANDOFRSF
DA EINE (se€ DETAIL C&D) \
ra  a— 4 a . I x|
| ENGING INTERFACE
! ; M1
P Seer J-J TEFLON  PAD ! —
7‘ : — i S NO SCALE |
‘ P e — ‘ / . LI
STAINLERS STEEL INCONEL 718 E ! \
Detaw. D . _Devair E i PRE VALVE,
NG SCALE \
NO- SCALE ) ~ \ Jo .
7 TYPICAL CONCEPT 1 TYPICAL coNGERT 2 / \ o R o JACKETED GimBAL F
. 74.5 “OR ALONG G tge
1 \ 5° DEFLECTION
+ F&G " . . .
Lz TANK [ ENGINE INTERFACE ~~ ”\
. INTERFACE  10:0 ,/‘/ 2.0 -}—-1/ ‘ \
s : \
— - . 70 €LBOW ' \ b
- / 10,0 R ALONG G \
~— / s5.0 : '\l
VACUUM SENSING TUSE \ > _)o/\ \
(CRYOLAR® GT3-008) - b \ VACUUM SENSING TUBE ( REF)
TIYP 3 PLCS, / {o BURST DISC AND VACUUM
50.6R \ SEAL OFF VALVE INSTALLATION
E " / - . \ TYPICAL . €
/— LH, TANK INTERFACE N / % °
- _ el .o28 L LOW TEMP BR
— P ree | ~ze
\. . TYP
D LMERNGIONAL L/\Vou‘r X
CONCEPT 1 & 2 LinE L D&%E ELBOW (REF) .
> ~ JACKETED GIMBAL '§ V2 . TYP . -
25° DEFLECTION ~d . _ .
' N ' Deran I
. \ ‘. NO SCALE
: : \ ‘ TYP SERVICE PORT CONCEPT 1 &2
\ INNER  LINE
\ | CONNECTIONS
- HELIARC WELDED
o \ WNER LINE D
\ TO END FLANGE (ReF)
h .00% (REF)
Desion Conceprs 1 & 2 '\ ’ : . v.
' ' 5.2DIA B LAYERS MLT, %4
Vacuum dxcxr;-rErIAUmNsux ATED\Z\IET, FEEDL?‘_NE - ) MIL, ALUMINZED,
ONCEPT ONCEPT - " 3 y HELKALLY WRAPFED .
] / i URETHANE INSULATE \ NERTIA BONDED o e e
/ INNER UNE | vACUUM JACKET| 1amer ung | vacuum daexET AT END FLANGES 3 / END Frrring Do nout.
4.0 OUTSIDE | 5.0 OUTSIDE 40 GUTEIBE | 5.0 OUTSIDE - \ SeTL
% s;r\;ugo;:c;ow\ﬂon DIAMETER DIAMETER DAMETER OIAMETER / ¢ TO AN ST srec D '°‘5Cj“'°“ <009 Re¥
.023 WALL | .025 WALL ©13 WALL |.007 L LETAL A . VACUUM JACKET
/ 007 WALL NO SCALE (REF)
STAINLESS STEEL | STAINLESS STEEL || INCONTL 718 | . INCONEL 718 TYP JACKET END CLOSURE :
/ (SEE DETAIT)|(SEE DETAILG" )|| OVERWRAPPED | OVERWRAPPED CONCePY 2
e : 2% UAYERS,S-GLASS| 2 LAYERS, 8- GLASS ELnowE INNER, LINE :
[HOOP % LONGITUDWAL| HELICALLY WRAPPED 10.0R Al CONNECTIONS B ™ . c!
& HOOP, . (OR ALONG § 8UTT WELDED S h : ca
. - (SEE DETAILF) TYP 10 PLLY 10 END FLANGE. l—-—l' I _ NN UINE
. (SEC DETAWEY ' g T (ReF)
TO FiLl: AND ] )
/ EMmiseiTY IMPROVEMENT INsuLATION , . DRAIN | ; ) .020 REF
. TYP CONCEPTS 12 L
: N V4 MIL (. OO0Z5 INCH) THICK DOURLE ALUMINIZED MYLAR, 5.2 DIA 8 LAYERS MLT,Y4
. BURST DISC 15 PSIA F“BUPER FLOC?: 8 LATERS HELICALLY WRAPPED FROM A % N . MILL, ALUMINZED,
pa—— /. (STARLINE ENGR, T3A026) 2.0 INCR WIDE $SPOOL WITH LLOINCH OVERLAP. EASTEN START| 3 “u:mi.‘::n“-:‘n:..—
TYP 3 PLes AND  STOP WiITH VACUUM COMPATIRLE TAPE, : 4 —|es] T Srwer
2 N 02§ R€ iy
. VACUUM JACKET (REF) t
STANLESS STEEL OIS THICK t
X STAINLESS STEEL [
vy N i
Devar B i
LIGHT WEIGHT VACuum NO SCALE 1
SEAL-OFF VALVE . TYP JACKET END CLOSURE. : |
. (CRYOLAR SVi4-84) CONCEPT ¢ i
TYP 3 PLCS X a it
-] / . .
. ) i FLOATING STRUT .
/ JACKETED GIMBAL -
— /. 450 DEFLECTION \\x\\ ) i B
N PIVOT HOUSING, ALLOWS ._/ \/
S ew A-A
LINEAR, AND ROTARY MOTION, ——F—‘ .
ll] XV A ROTA - NO SCAL
- Bax
A I A
87 ana 83
. . . .
Trr—pre— .'
1



Desen Concerrs 45 §

GIMBAL JOINT  ° \
$5* DEFLECTION

520N

STAINLESS STEEL

Detan B

NO SCALK
CONCEPT 4

=~

PIYOT HOUSING, ALLOWS ew A-A
LINEAR AND ROTARY MOTION, _\/No—scﬁ:le—

MLI Insuares, DevFeesume
Concert 4 ‘Concepr S . \ N D C
FEEDLINT INSULATION-(TYP BOTH CONCKPTE) FEEDLING TERMINATE MLI AT ‘o beug ETAIL
— . be FLANGE WWTEREACE NO SCALE
4.0 OUTSIDE | ML INSULATION SYSTEMS 4.0 cuTSIOE VP L FLanees . CONCERT §
DIAMETER] ¥4 MiL (00025) THICK , DOUBLE DIAMETER APPLY ONE LAVER
.020 WALL | ALUMINIZED MYLAR; 30 u«:tls 005 WALL oF SCHIELDARL X-8850 i
PPED OVER LI N N
sTamess STEEL | 0 00T wipe SPooL Wit | INCONEL 718, AL mETALLATIG !
(SEE DETAILT')| 1.0 OVERLAP. FASTEN START | ovERWRAPPED LINE END
, ARD STOP WITH ALUMMNIZID (o1 LAYERS,S-GLASS EVgo WS CONNECTIONS
MILAR TAPL. WRAP OUTSIDE loop, Y2 LONGITUDINAL 10.0R ALONG G BUTT WELDED
WITH SCHIELDAKL X-850 & neoP. Sin o bibe © TO END FLANGE i .
LAMINATE g n \ -
(S€E DETAIL F) (SEE DETAIL"E") TO FiLL AND
ORAIN
2.0 wem 0.0 BrANGH 2%
CAPPED. ! t f
4=l

020 REF
‘_

69 g 50

“ !
[] 7 e I s l - 3 , [ 2 A2
wxvieions
e | reme prsem— e
y H
HSCHIELDAKL X850 LAMINATE .30 LAYERS DOUBLE ALUMINIZED MYLAR
0OT THILK, ALUMINIZED (ADHESIVELY AT TACUED) “SUPERFLOC" 30 LAVERS/INCH. 00028 THICK.
. . HELICALLY WRAPPED (QVERLA® 1O 1NCWY).
WRAS WITH 2.0 INGH WIDE RoLL
. USE ALUMINIZED MYLAR TAPE a
START AND STOP OF ReLlL o
FASTEN
.
\ PROPELLANT LINE
SEE DETAILS *D” &*€"
l !ETﬁIL F .
NO SCALK 173 ’
LONGITUDINAL LAYER §
TYP CONCRRTARS GLASS CLOTH LAID N EQUAL <
HOOP WOUND GLASS wiDTH STRIPS WiTw EQUAL WIDTH
2 LAYERS GAPS, AROUND THE
CIRCUMFERENCE
020 K .00S .
f warL WALL LINE
)
[ --T ) ENGINE INTERFACE
1.0 .0 A .
o.D. o.0. .
— _ % i
STAINLESS STEEL INCONEL T . , .
Derawn D Devan E - ! \
—_—— NG ALE
NO SCALE - TiEAL CORCTT S ~70° TLBOW GIMBAL 150 r
TYPIGAL CONCEPT 4 r__-,.,_s ___,1 0.0R ALONG G  DEFLECTION,
N Y
LHy TANK 1 y ENGINE INTERFACE
'l INTERFACE 90-0 2.0
- / _ 708 ELEOW -
— ) 10.0R ALONG G
\/ / 850
A \/
LH, TANK INTERFACK
\\ ~ €
\\< /
- - -
\ ~———
PRE - VALVE .
: ) Dimtnsionar L avouT D&E
\ . CONCEPT 43 § LINE e
. GIMBAL  JOINT
*5* DEFLECTION
END FITTING .
CONNECTIONG
; BUTT WELDED
TO END FLANGE o
7 ; N .008 (REF)



SCHJELDARL »-9SO LAMINATE ' : | _
ADMISVELY ATTACHED 007 Twicx i
ALUMINZEO. )

wars | ameeees

30 LAYERS DOUBLE ALUMINIZED MYLAR
“SUPERFLOC" 30 LAYERS/INCH, 00025 THiCK.
HELICALLY WRAPPED (SVERLAP 1.0 inew),
WRAP WITH 2.0 INCR WIDE ROLL, . .
USE ALUMINIZED MYLAR TASE acv
START AND STORP OF ROLL To FAsTEN,

PROPELLANT LINT . .
SE€ DETALS "D'&E . |

| .
- V2 LONGITUDINAL LAYER § .
TYP CONCEPTS 356 GLASS CLOTH LAID W CQUAL -
NO SCALE HOOP WOLND GLASS) WIDTH STRIPS WITH EQUAL WiDTW
2 LAYERS "/ GAPS. AROUND THE
: QIRCOMFERE
) .020 . 005
. . fwAu_ WALL LINE
=z z —f ENGINE ToRBOPUMP
. INTERFACE

a0
[eR=%

7\ 4.0
A o.0.
STAINLESS STEEL i

INCONEL 718 \— PRE VALV
. : e
Deran D . Devan E : - ) y
- T NO SCALE . . . .
NO SCALE - oT : 70° ELBOW GIMBAL xS6
TYPICAL CONCEPT 3 : YPICAL CONCERT & 145 - 10.0R ALONG § DEFLECTION.
LH, TANK ENGINE INTERFA CE SCHUEDAML x~8S50 (REF)
INTERFACE 190 1200k 7 ADHESIVELY AT TACHED
. / B - 705 ELBOW PHENOLIC END CLOSURE
- 134.4R 10.0 R ALONG G ATTACH WITH CRYO GENC
ADHESIVE )
/ 55.0 .
\ PURGE TuBE J4” DiA.
VENT HOLES Yi¢ DA
/ EVERY 2 INCwES
f— f— N ERENCK
) ’ Soe® L,\_,_\_,__,_\’_\J ARowD Cheume
LH, TANK INTERFACE : . ’ \< . /
- —~
. —_—

D iminsionat L AyouT
> \ CONCEPT 386G LINE
GIMBAL  JOINT

25° DEFLECTION

Deran, G
NO SCALE
TP CONCERT W % &
8OTH ENDS oF LNK

END AITTING -
CONNECTIONS
HEUARC WELDED

To LINE

Desion Concerts 3 6.6

—{—.OOS (RKF)

Pureeo M LT Insuraren . Wet, Feepuine L
ConcepT 3 | Conceer 6 TaR==i-.s _Detan C
_— FEED LINE | INSULATION{TYP BOTH CONCEPTY] FEEDLING . . / - “No AR
TOOUTSBE | 17 \icil amion SYSTEMY 7.0 OUTSIDE ) B INERTIA BanoestONCEPTG
© DWMETER| 14 il (00025) THICK , DAUBLE DIAMETER ] ) / ALUMINUM TO STAINLESS STece

020 WALL | ALUMINIED MYLARy 30 LAYERS | +00S WALL END FITTing
SPIRALLY WRAPPED OVER LINE

STAINLESS STREL | 3 R D raaL | INCONTL TIB ) {
(s&E vETAL D) WiTh 1.0 WIDE OVER LARP.(M.L.T | OVERWRAPPED :
1% SUPER FLOCLFASTEN STARTI2/Z LAYERS,S.GLASS . © ElRAOWS
AND STOP WITH ALUMINIZLD  HOOPY2 LONGITUDINAL 10:0OR, ALONG &
MYLAR TAPE.WRAF OUTSIDE [ & HOOP. TYP 10 PLCS\

LINE END N
CONNECTIONS

: BUTT WELDED
' TO END FLANGE . — —

To FILL AND . g \f 020 ReF

DRAIN

‘ - 5.2}:\& —f

WITH SCHJTLDARL X -850 LAMINATL
' . CLOSE ENDS AND ATTACHK
N PURGE.
(8EL DETAIL F)

I~

se€ vETAILE")

AN
—_ - . STAINLESS STEEL
\ DgTAIL B !
. NO SCALE
- [ . CONCEPT 3
FLOATING STRUT
L} ~
) GIMBAL JOINT ‘
M . 150 DEFLECTION
~ '
\ PIVOT HOUSING,ALLOWS -
- LINEAR AND ROTARY MOTION. View A-A
e \ NO SCALE
i T —
- L
[N YT = A) .
\ S . B&C P .
‘ — ' ..

91 and 92




3.

10.
11.
12,

13.

14.

15.

REFERENCES

Space Tug Point Design Studies
McDonnell-Douglas Astronautics
February, 1972

Space Tug Point Design Studies
North American Rockwell
February, 1972 _ e

Baseline Tug Definition Document - Rev., A
George C. Marshall Space Flight Center
June 26, 1972

"Space Tug Systems Study", 18 September 1973, GD/Convéir, Contract
No. NAS8-29676, Volume V - Systems Data Dump.

- Space Tug Systems Study (Storablé), Performed by the Martin Marietta

Corporation under Contract NAS8-29675.

Hall, Laintz and Phillips: Volume I, Final Report, Composite
Propulsion Feedlines for Cryogenic Space Vehicles.

Kevlar 49 Data Manual, E.I. DuPont DeNemours and Company Inc.

Final Report, "Development of Advanced Materials for Integrated
Tank Insulation System for the Long Term Storage of Cryogens in
Space', MCR-69-405, September, 1969, by John P. Gille.

"Fatigue of Composite", Salkind, M. J., Composite Materials: Testing
and Design (Second Conference), ASTM STP 497, American Society for
Testing and Materials, 1972, pgs. 143-169.

Final Report, '"Design Criteria for Low Profile Flange Calculations",
Report No. LMSC-HREC-TR D306492, Contract NAS8-28614, Lockheed
Missiles and Space Company, Inc., by Karl R. Leimback, March, 1973.

Phase Report, "Design and Development of Pressure and Repressuriza-
tion Purge System for Reusable Space Shuttle Multilayer Insulation
Systems", Report No. 632-3-286, Contract NAS8-27419, General Dynamics,
Convair Aerospace Division.

Aerospace Fluid Component Designers Handbook, Volume I, Rev. D,
Technical Documentary Report No. RPL-TDR-64-25, February, 1970.

Roark, Formulas for Stress and Strain, McGraw-Hill Book Company,
Third Edition, 1954. ‘

Filament - Overwrapped Metallic.Cylinderical Pressure Vessels,
NASA TM X-52171, by Robert H. Johns and Albert Kaufman, Lewis
Research Center, Cleveland, Ohio, April, 1966.

' Thermal Insulation Systems, NASA SP-5027: 1967, P.E. Glaser, et.al.

93



DISTRIBUTION LIST

No. of
Report

Copies Recipient

National Aeronautics & Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn; Contracting Officer, MS 500-313
E. A, Bourke, MS 500-205
Technical Utilization Office, MS 3-16
Technical Report Control Office, MS 5-5
AFSC Liaison Office, MS 501-3
Library MS 60-3
Office of Reliability & Quality Assurance, MS 500-211
N. T. Musial, MS 500-113
J. J. Notardonato Project Manager, MS 500-203

O e e N O e O

[

[

Director, Manned Space Technology, RS

Office of Aeronautics & Space Technology

NASA Headquarters : -
Washington, DC 20546 -

2 Director Space Prop. and Power, RP.
Office of Aeronautics & Space Technology
NASA Headquarters
Washington, DC 20546 .

1 Director, Launch Vehicles & Propulsion, -SV
Office of Space Science
NASA Headquarters BEroe o
Washington, DC 20546 - .

1 Director, Materials & Structures Div., RW
- Office of Aeronautics & Space Technology
- NASA Headquarters
: Washington, DC 20546

1 Director, Advanced Missions, MT
Office of Manned Space Flight
NASA Headquarters -
Washington, DC 20546

2 Director Space Prop. and Power, RP
Office of Aeronautics & Space Technology
NASA Headquarters
Washington, DC 20546

94



10

Director, Launch Vehicles & Propulsion, SV
Office of Space Science

NASA Headquarters

Washington, DC 20546

Director, Materials & Structures Division, RW
Office of Aeronautics & Space Technology

NASA Headquarters '
Washington, DC 20546

Director,- Advanced Manned Mission, MT
Office of Manned Space Flight

NASA Headquarters

Washington, DC 20546

National Aeronautics & Space Administration
Ames Research Center

Moffett Field, California 94035

Attn: Library

National Aeronautics & Space Administration

. Flight Research Center

P.0. Box 273
Edwards, California 93523
Attn: Library

Director, Technology Utilization Division
Office of Technology Utillzatlon

NASA Headquarters

Washington, DC 20546

Office of the Director of Defense

Research & Engineering

Washington, DC 20301

Attn: Office of Asst Dir (Chem Technology)

Office of Aeronautics & Space Technology, R
NASA Headquarters
Washington, DC 20546

NASA Scientific and Technical Information Facility
P.0, Box 33 ' '

College Park, Maryland 20740
Attn: NASA Representative

National Aeronautics & Space Adminlstration
Goddard Space Flight Center :
Greenbelt, Maryland 20771

Attn: lerary

95



96

el

= e S

el

National Aeronautics & Space Administration
John F. Kennedy Space Center
Cocoa Beach, Florida 32931
Attn: Library
I. Moore

National Aeronautics & Space Admlnlstratlon
Langley Research Center

Langley Station

Hampton, Virginia 23365

Attn: Library

National Aeronautics & Space Administration
Manned Spacecraft Center
Houston, Texas 77001
Attn: Library
W. Chandler
. Dusenberry
. Yodzis
. High
. Medlock
. Allgeier

o=

National Aeronautics & Space Administration
George C. Marshall Space Flight Center
Huntsville, Alabama 35912 '
Attn: Library _ ’

J. M, Stuckéy'

I. G. Yates

E. H. Hyde

P. L. Muller

Jet Propu131on Laboratory
4800 Oak Grove Drive .
Pasadena, California 91103
Attn: Library

L. Stimson

J. Kelly

R. Breshears

Defense Documentation Center

Cameron Station

Building 5

5010 Duke Street ,
Alexandria, Virginia 22314
Attn: TISIA

RDT (RTNP)
Bolling Air Force Base
Washington, DC 20332



-

Arnold Engineering Development Center
Air Force Systems Command
Tullahoma, Tennessee 37389

Attn: Library

Advanced Research-Projects Agency
Washington, DC 20525
Attn: Library

Aeronautical Systems Division
Air Force Systems Command
Wright-Patterson Air Force Base,
Dayton, Ohio
Attn: Library

AFML (MAAE)

AFML (MAAM)

Air Force Rocket Propu131on Laboratory (RPM)
Edwards, California 93523
Attn: Library

Air Force FIC (FTAT-2)
Edwards Air Force Base, California 93523
Attn: Library

Air Force Office of Scientific Research
Washington, DC 20333
Attn: Library

Space & Missile Systems Organization

Air Force Unit Post Office

Los Angeles, California 90045 ’
Attn: Techn1ca1 Data Center

Office of Research Analyses (OAR)
Holloman Air Force Base, New Mexico 88330
Attn: Library -

RRRD

U. S. Air Force
Washington, DC
Attn: Library

Commanding Officer

‘U, S. Army Research Office (Durham)

Box CM, Duke Station
Durham, North Carolina 27706
Attn: Library

97



Bureau of Naval Weapons
Department of the Navy
Washington, DC
Attn: Library

Director (Code 6180)

~U..S. Naval Research Laboratory
Washington, DC 20390

Attn: Library

Picatinny Arsenal
Dover, New Jersey 07801
Attn: Library )

Air Force Aero Propulsion Laboratory
Research & Technology Division

Air Force Systems Command

United States Air Force
Wright-Patterson AFB, Ohio 45433
Attn: APRP (Library)

Electronics Division
Aerojet-General Corporation
P.0. Box 296

Azusa, California 91703
Attn: Library

Space Division
Aerojet-General Corporation
9200 East Flair Drive

El Monte, California 91734
‘Attn: Library

Aerojet Ordnance and Manufacturing
Aerojet-General Corporation

11711 South Woodruff Avenue
Fullerton, California 90241

Attn: Library

Aerojet Liquid Rocket Company

P.0. Box 15847

Sacramento, California 95813

Attn: Technical Library 2484-2015A

Aeronutronic Division of Philco Ford Corp.
Ford Road

Newport Beach, California 92663

Attn: Technical Information Department



Aerospace Corporation

2400 E. E1 Segundo Blvd.

Los Angeles, California 90045
Attn: Library-Documents

Arthur D. Little, Inc.
20 Acorn Park
Cambridge, Massachusetts 02140
Attn: Library
R. B. Hinckley

Astropower Laboratory
McDonnell-Douglas Alrcraft Company
2121 Paularino

Newport Beach, California 92163
Attn: Library '

ARO, Incorporated

Arnold Engineering Development Center
Arnold AF Station, Tennessee 37389
Attn: Library

Susquehanna Corporation
Atlantic Research Division

“Shirley Highway & Edsall Road

Alexandria, Virginia 22314
Attn: Library

Beech Aircraft Corporation
Boulder Facility.

Box 631

Boulder, Colorado

Attn: Library

Bell Aerosystems, Inc.
Box 1

Buffalo, New York 14240
Attn: Library

Instruments & Life Support Division
Bendix Corporation

P.O. Box 4508

Davenport, Iowa 52808

Attn: Library

Boeing Company
Space Division
P.0. Box 868

. Seattle, -‘Washington 98124

Attn:- Library
D, H, Zimmerman

99



1 Boeing Company
1625 K Street, N.W.
Washington, DC 20006

1 Chemical Propulsion Information Agency
Applied Physics Laboratory
8621 Georgia Avenue
Silver Spring, Maryland 20910

1 Chrysler Corporation
Missile Division
P.0. Box 2628
Detroit, Michigan
Attn: Library

1 Chrysler Corporation
Space Division
P.0. Box 29200
New Orleans, Louisiana 70129
" Attn: Librarian

1 Curtiss-Wright Corporation
Wright Aeronautical Division
Woodridge, New Jersey
Attn: Library

1 University of Denver
- Denver Research Institute
P.0. Box 10127
Denver, Colorado 80210
Attn: Security Office

1 Fairchild Stratos Corporation
Aircraft Missiles Division
Hagerstown, Maryland
Attn: Library

1 Research Center
Fairchild Hiller Corporation
Germantown, Maryland
Attn; Library

1 Republic Aviation
Fairchild Hiller Corporation
Farmington, Long Island
New York

1 General Dynamics/Convair
P.0. Box 1128
San Diego, California 92112
Attn: Library

1 R, Tatro

100



Missiles and Space Systems Center
General Electric Company

Valley Forge Space Technology Center
P.0. Box 8555

Philadelphia, Pa. 19101

Attn: Library

General Electric Company

Flight Propulsion Lab. Department
Cincinnati, Ohio

Attn: Library

Grumman Aircraft Engineering Corporation
Bethpage, Long Island, New.York
Attn: Library

B. Aleck

M. Martin

Honeywell Inc.
Aerospace Division
2600 Ridgeway Road
Minneapolis, Minnesota
Attn: Library

IIT Research Institute
Technology Center
Chicago, Illinois 60616
Attn: Library

Ling-Temco-Vought Corporation
P.0. Box 5907

Dallas, Texas 75222

Attn; Library

Lockheed Missiles and Space Company
P.0. Box 504

Sunnyvale, California 94087

Attn: Library

Linde--Division of Union Carbide
P.0. Box 44 ' :
Tonawanda, N.Y. 11450

Attn: G, Nies

Marquardt Corporation

16555 Saticoy Street

Box 2013 - South Annex

Van Nuys, California 91409

101



1 Denver Division
Martin Marietta Corporation
P.0. Box 179
Denver, Colorado 80201
Attn: Library

1 R. W. Vandekoppel

1 Western Division
McDonnell Douglas Astronautics
5301 Bolsa Ave
Huntington Beach, California 92647
Attention: Library
1 P. Klevatt

1 McDonnell Douglas Aircraft Corporation
P.0. Box 516 \
Lambert Field, Missouri 63166
Attn: Library

1 L. F. Kohrs

1 Rocketdyne Division
Rockwell International
6633 Canoga Avenue
Canoga Park, California 91304
Attn: Library, Department 596<306

1 Space & Information Systems Division
Rockwell International
12214 Lakewood Blvd.
Downey, California
Attn: Library

1 E. Hawkinson
1 R. Boudreaux
1 Northrop Space Laboratories

3401 West Broadway
Hawthorne, California
Attn: Library

1 Purdue University
Lafayette, Indiana 47907
Attn: Library (Technical)

1 Goodyear Aerospace Corporation
1210 Massilon Road
Akron, Ohio 44306
Attn: C. Shriver

102



Hamilton Standard Corporation
Windsor Locks, Connecticut 06096
Attn: Library

Stanford Research Institute
333 Ravenswood Avenue

Menlo Park, California 94025
Attn: Library

TRW Systems Inc.

1 Space Park

Redondo Beach, California 90278
Attn: Tech. Lib. Doc. Acquisitions

United Aircraft Corporation

Pratt & Whitney Division

Florida Research & Development Center
P.0. Box 2691 :
West Palm Beach, Florida 33402

Attn: Library '

United Aircraft Corporation
United Technology Center
P.0. Box 358

Sunnyvale, California 94038
Attn: Library

Vickers Incofporated
Box 302
Troy, Michigan

Airesearch Mfg, Div.

Garrett Corporation

9851 Sepulveda Blvd

Los Angeles, Californla 90009

Airesearch Mfg. Div.
Garrett Corporation

402 South 36th Street
Phoenix, Arizona 85034
Attn: Library

Commanding Of ficer

U.S. Naval Underwater Ordnance Station
Newport, Rhode Island 02844

"Attn: L1brary

National Science Foundation, Englneerlng D1v1sion '
1800 G. Street N.W,.

Washington, DC 20540

Attn: Library

103



104

G. T. Schjeldahl Company
Northfield, Minn, 55057
Attn: Library

General Dynamics
P.0. Box 748
Fort Worth, Texas 76101

Cryonetics Corporation
Northwest Industrial Park
Burlington, Massachusetts

Institute of Aerospace Studies
University of Toronto

Toronto 5, Ontario

Attn: Library

FMC Corporation

. Chemical Research & Development Center

P.0. Box 8
Princeton, New Jersey 08540

Westinghouse Research Laboratories
Beulah Road, Churchill Boro
Pittsburgh, Pennsylvania 15235

Cornell University

Department of Materials Science & Eng.
Ithaca, New York 14850 -

Attn: Library ‘

Marco Research & Development Co.
Whittaker Corporation

131 N. Ludlow Street

Dayton, Ohio 45402

General Electric Company

Apollo Support Dept. P.O. Box 2500
Daytona Beach, Florida 32015

Attn: C. Ray

E. I. DuPont, DeNemours and Company
Eastern Laboratory

Gibbstown, New Jersey 08027

Attn: Library



Esso Research and Engineering Company
Special Projects Unit

P.0. Box 8

Linden, New Jersey 07036

Attn: Library

Minnesota Mining and Manufacturing Company
900 Bush Avenue

St. Paul, Minnesota 55106

Attn: Library

105



M
RESEARCH °
Si..t



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119



