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ABSTRACT
The development of lightweight composite cryogenic

lines is a critical technology for single-stage-to-orbit launch
vehicles such as the Reusable Launch Vehicle (RLV). To
achieve weight goals, a significant effort will be required to
develop feedline designs that can reliably replace today's
stainless steel configurations. A number of technical
problems exist, including the large coefficient of thermal
expansion (CTE) differential between the composite and
interfacing metallic materials and the ability to seal against
composite materials in a cryogenic environment. This paper
reports the results of a development effort undertaken to
design, build, and test a graphite/epoxy propellant feedline to
carry liquid hydrogen (-423°F). The design incorporates a
reusable cryogenic insulation system and a secondarily
bonded/co-cured splice joint.

INTRODUCTION
Development Approach

Development of the composite feedline was accom-
plished through an integrated design process. The approach
was to develop fabrication and design expertise through a
stepwise design element validation process. Initially, a single
flange element was fabricated to identify key producibility
and tooling issues. Upon refinement of the flange design
details, a full-diameter, short-length article with integral
composite flanges was fabricated and tested in liquid
hydrogen. This not only validated the flange design and joint
capability, but also verified critical tooling and processes. The
culmination of this development effort was the fabrication of
two full-sized elements, each with a single flange, that were
then joined with a splice joint. The completed line assembly
is shown in Figure 1.

Figure 1 - Final 12"- Diameter Graphite/Epoxy Liquid
Hydrogen Feedline (Shown Uninsulated)

Technical Challenges
In developing a composite feedline for cryogenic service,

numerous technical challenges exist. The following are a few
of the issues that must be considered in the design of a
composite line that will be used in a cryogenic propulsion
system:
o Composite material structural capability at cryogenic

temperatures
• Permeability of composite structure to hydrogen gas

under various strain levels
• Potential for micro-cracking of resin system, especially

under repeated thermal cycling
e Sealing against composite materials
• CTE difference between composite and interfacing

metallic materials
• Development of reusable cryogenic insulation
• Development of composite flex joints
• Development of suitable splice joint designs

DESIGN & ANALYSIS
Design Requirements

A general set of design requirements was defined for the
composite feedline based primarily on existing conventional
stainless steel lines [1]. A few of the more critical require-
ments are as follows:
• Line (both ends) shall be designed to mate with

aluminum, specifically, the Space Shuttle Liquid Hydro-
gen Prevalve outlet flange

• Line shall be designed to carry internal pressure load of
105 psig at ambient temperature and 70 psig at liquid
hydrogen temperatures (-423°F)

• Design factors of safety shall be at least 1.5 on ultimate
and 1.25 for joint separation

Material Selection & Properties
Selection of the basic feedline material, IM7/977-2

graphite/epoxy, was based on previous experience with
IM7/977-2 in the cryogenic environment [2,3] and the avail-
ability of material properties for stress analysis. Material
properties for IM7/977-2 woven fabric and unidirectional
tape were acquired from the National Aerospace Plane
(NASP) effort [4]. The fabric used for the test articles was an
IM-7 6K G' plain weave fabric, impregnated with 977-2
resin, 35 + 2% by weight.

Initial Flange Design & Stress Analysis
Initially, the composite feedline was envisioned to be an

all-fabric ply layup. Preliminary dimensions were selected
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based on past design experience and basic engineering
intuition. From a structural standpoint, the primary design
concern was the stress induced in the composite flange during
chilldown while rigidly bolted to the aluminum Shuttle
Prevalve. The CTE difference in the circumferential
direction was so high (0.9 x 10-6 in/in/°F for the composite at
cryoygenic temperatures, and about 8.3 x 10-6 in/in/°F for the
aluminum), there were concerns as to whether the composite
flange could withstand the induced load. An additional
concern was the magnitude of joint preload loss that might be
incurred as a result of chilling the feedline and Prevalve to
liquid hydrogen temperatures. Shrinkage of the composite
flange (through-the-thickness) is very high, requiring high
bolt preloads to maintain joint integrity and minimize
leakage.

Preliminary analysis of the composite feedline was
performed using PAL2, a PC-based finite element stress
analysis software code. Several load cases were evaluated
based on the expected operating conditions of the feedline.
The analysis exposed a deficiency in the preliminary all-
fabric geometry. During the -493 °F excursion from room
temperature to cryogenic operating temperature, axial and
bolted joint shear and bending loads are induced as a result of
the CTE mismatch between the Prevalve and the IM7/977-2
flange. These loads predicted a potential interlaminar flatwise
tension failure in the flange radius area.

Incorporation of Unidirectional Tape
It was obvious that increasing the circumferential CTE of

the IM7/977-2 flange would also be beneficial. As such, an
innovative design was developed to significantly reduce the
induced thermal loading. Recognizing the variation in the
CTE of the composite depending on fiber orientation, a layup
scheme was developed to increase the CTE of the composite
flange in the circumferential direction, thereby reducing the
differential CTE and the induced thermal loading. The
revised scheme incorporates unidirectional tape in the flange
radius as shown in Figure 2.
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The flange is defined by an orthotropic laminate
dominated by radially oriented wedge shaped tape plies.
Over a short distance, transitioning occurs to an all fabric ply
laminate defining the pipe region. The tape is applied in the
form of individual wedge shapes, with sixteen wedges per
ply. Analysis has established that the CTE mismatch ratio is
reduced from 9.2 to 3.2 as a result of the unidirectional tape.
The resulting thermally induced circumferential flange
loading is reduced by approximately 35%. This is caused, not
only by increasing the CTE of the composite material, but
also by the reduction in circumferential-direction stiffness
(approximately 50%) that results from incorporating the
unidirectional tape. The primary flange failure mode becomes
one of combined interlaminar flatwise compression and
shear, or in effect, matrix failure. This is due to the very high
through-the-thickness CTE of the composite and the resulting
large bolt preload required to maintain the joint integrity
under cryogenic conditions. While slight negative margins of
safety were obtained, these were only in very localized areas
under the bolt head.

Flange Seal Selection
Unlike with stainless-steel flanges, the potential for a seal

to cause damage to the sealing surface was thought to be of
primary importance with composite flanges. The concern was
that the high sealing loads typical of existing cryogenic seal
designs would result in bearing stresses well above the
capability of the resin material, resulting in permanent
indentations in the composite surface and inadequate sealing.
This concern was addressed very early in the design phase by
fabricating a flat IM7/977-2 plate and testing several seal
designs against it in liquid hydrogen. In parallel with the
testing, design layouts and tolerance studies were performed
to establish design dimensions and assure compatibility with
the Shuttle prevalve. Since initial testing would be conducted
with a dual-flange specimen (both flange joints being
identical in design) it was decided that two different seal
designs should be evaluated on this test article. The selected
designs were the EnerRing Metal C-ring design and the
Omniseal 1100A Face Seal. Both the Omniseal and the C-
ring were equipped with limiter rings to allow them to be
used with the flat-faced flange of the feedline.

Initial Splice-Joint Configuration
Since each 'J'-section feedline element is fabricated

individually, a method of joining two of these pieces together
to establish the final feedline was needed. Two approaches
were considered. The first method was an autoclave cure of a
film adhesive with several plies of pregreg forming a strap
overwrap. The second approach was a room temperature cure
of a paste adhesive with a multiple-ply precured strap
overwrap. In the second approach, the bondline thickness
would be controlled by inserting small-diameter 'wire' into
the bondline at evenly spaced locations.

Figure 2 - Final Tape/Fabric Geometry 125



The first approach (film adhesive with prepreg strap) had
several benefits including, improved mechanical strength of
film adhesive over that of paste adhesive, minimal surface
preparation for bonding, and control of minimum bondline
thickness by 'scrim' incorporated into the film adhesive. On
the downside, there was a concern for the stresses induced by
the large difference between the cure temperature (+350°F)
and operating temperature (-423°F).

The second approach (paste adhesive with precured strap),
while free from the stress concerns associated with the cure
cycle of the first approach, would require new/modified
tooling to fabricate precured sleeve and precise machining of
pipe section outer surface and precured sleeve inner surface
to assure concentric fit. Additionally, this approach would
have to overcome difficulties associated with injecting the
paste adhesive into the bondline gap. Based on these
considerations, a decision was made to pursue the first
approach. The splice configuration is shown in Figure 3.

j

Figure 3 - Splice Joint Configuration

Reusable Insulation Design
Cryogenic insulation materials used to insulate metallic

feedlines are not compatible with similar structure fabricated
from graphite/epoxy. While the CTE of aluminum and
polyurethane insulating foam are relatively close, the large
CTE mismatch between the polyurethane and the graphite/
epoxy would (at cryogenic temperatures) induce a shear force
on the bond between these materials. This shear force would
compromise material attachment. These isolated failures at
the bondline increase the potential for cryopumping. To
address these concerns, an insulation scheme was designed
that minimizes the differences in CTE. An insulation design
was established that incorporates the same insulating foam
used for metallic structures, only it is encapsulated in a low
density, non-metallic honeycomb core. The encapsulation of

foam into individual cells mitigates the effect of the CTE
mismatch by breaking the foam into small units.

FABRICATION TECHNIQUES
Tooling

The tooling designed to fabricate the feedline consisted of
two basic types, "hard" tooling that controlled the interior and
mating flange surfaces of the feedline and "soft" tooling used
to control the thickness and contour of the Outer Mold Line
(OML) side of the flange radius. The hard tooling consisted
of a two-piece form for the tube sections and a flange tool
(See Figure 4).

Figure 4 - Composite Feedline "J-Section" Tooling

The forms for the feedline tube consisted of a straight and
a curved section joined to form the "J" shape (two of which
were joined to create the final article). Both of the tube
section forms are "breakdown" tools in which the composite
is cured around the exterior surface of the tool which is then
disassembled from the inside by removal of a center key
piece. The tool that controls the mating flange interior surface
is an aluminum ring that is slid in place onto the end of a tube
section. The Outer Mold Line (OML) surface of the radius
connecting the tube wall to the flange was controlled using
soft tooling known as a pressure caul. The was used to create
pressure on the flange radius to maintain a uniform thickness
through the contour transition.

Process Development Specimen
As a means to validate that proper tooling and fabrication

methods were in place to successfully build a test part, a
subscale "process development specimen" was fabricated.
The process development specimen consisted of one flange,
flange radius and about 4 inches of tube section length. As a
result of this activity, the following producibility issues were
identified:
• Flange radius was too thick, the OML side of the radius

was misaligned with the IML radius
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• Flange was of inconsistent thickness and showed areas of
pinching and wrinkling of graphite fabric on OML side

• Tube wall showed evidence of surface porosity
• Flange was not flat and the sealing surface showed

depressions of bolt pattern
An examination of the items identified above led to

review of the caul, flange tooling and cure cycle used.
The caul used for the process development specimen was

cast directly onto the tooling, covered only the immediate
radius area, and was split to facilitate easy fitup onto the
prepreg buildup. By casting the caul directly onto the tooling
surface (without a simulated part splash) no contours as a
result of material thickness buildup were captured onto the
caul. This resulted in a caul with straight sides being pressed
down onto a composite designed to have a sloping thickness
transition. It appeared that as the resin softened during cure,
the caul 'floated' mislocating the OML radius. The short
"legs" of the caul caused areas of low pressure on the
laminate where the legs terminate. This lower pressure
creates areas of high porosity and overthickness. Wrinkling
was created on the OML side of the flange near the split in
the caul. The caul used in the fabrication of the process
development specimen was discarded and a new one was
fabricated. The new caul was fabricated by forming sheets of
a B-staged butyl rubber over a plaster "splash" of the part
radius region built up on the hard tooling. The caul was then
vacuum bagged and autoclave cured at 350°F and 85 psi
pressure. The flange OML tooling concept used is shown in
Figure 5.

To address wrinkling of the flange surface that was
observed on the process development specimen, an aluminum
split ring, which terminates the width of the flange, was
attached to the outer edge of the flange tool. The individual
composite plies are built up to the edge of the split ring which
provides a solid surface that allows autoclave pressure to act
only on the flat of the laminate and not the edges (See Fig. 5).
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Figure 5 - Final Flange OML Tooling Concept

The mating surface of the flange was controlled using the
metallic flange tool. Inspection of the "process development
specimen" indicated that the flange did not meet flatness

requirements (0.010 in.). This was caused by a phenomenon
known as "springback" that is common to composite
manufacture. Springback occurs as a function of shrinkage of
the epoxy resin during cure which causes the structure to pull
away from the tool. This condition was addressed by
remachining the face of the tool to anticipate this pulling
away.

Inspection of the tube wall showed areas of surface
porosity where the resin had not filled to make a smooth
surface finish. These areas were thought to be the result of
old prepreg with poor resin flow properties but subsequent
autoclave cures resulting in the same condition required a
change in the cure cycle. The cure cycle used was a straight
ramp (3-5°F/minute) to the 350°F cure temperature. The
massive aluminum tooling used to form the tube section acts
as a heat sink. By using a straight ramp cure cycle the outer
plies of prepreg become much hotter than the prepreg against
the tool surface and the outer material flows and cures at a
different rate than the toolside material. The prepreg against
the tool surface experiences a limited flow because of the
cooler condition and the observed surface porosity results.
To address the noted surface porosity the autoclave cure cycle
was modified to include a 1-hour hold at 280°F before
ramping to 350°F. This change allowed the part temperature
to stabilize throughout creating a smoother finish. With the
modifications to the tooling and cure cycle, the fabrication of
actual test articles was initiated.

Fabrication And Test Of Dual-Flanged Test Article
To validate the flange design, a dual-flange, 12-inch

diameter section was fabricated using the mature methods and
tooling already discussed.

Testing up to 100 psig at ambient temperature and 70 psig
at -423°F was successful. Strain readings were consistent with
analytical predictions. Cryogenic leakage from the C-Ring
seal was only 2.5 SCIM, which is quite acceptable for a
cryogenic joint of this size. Foam temperatures remained near
ambient, with the foam showing no evidence of cracking or
disbond.

FEEDLINE FABRICATION
Results of Splice-Joint Coupon Testing

The primary mechanical strength of the overlapping
splice-joint design is from the band of autoclave cured
graphite/epoxy composite. Attachment of the composite to
the already cured feedline wall was to be accomplished
through the use of FM 300 film adhesive as an intermediary.
To determine the optimum adhesive film weight and whether
staging the material prior to incorporation into the splice
layup provides any advantage, a laboratory test program was
developed. The laboratory testing validated the design and
verified the ultimate strength of the splice construction at
cryogenic temperatures. Splice-joint specimens were tested in
tension at liquid helium temperatures (-452°F). Close
examination of the specimen failures showed that the
specimens failed in peel, not at the adhesive/substrate joint,
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but in the composite just below the adhesive attachment.
Nonetheless, all failures were well above the tensile load
requirement for the splice joint. Based on the data, the
adhesive configuration selected was 1 ply of the .08 psf
adhesive in the as-received condition.

Fabrication Of Complete Feedline
The method for forming the splice-joint used to attach the

two J-sections relied on the adhesive strength of FM300 film
adhesive and the hoop strength of a composite band that rein-
forces the joint attachment. The initial step was to machine
the mating ends of the J-sections to the configuration shown
in Fig. 3. These ends were then mated on a level table and
match-fitted to the clocking requirements of the engineering
drawing. The ends to be joined were put in close proximity
to each other and a small quantity of the two-part, room
temperature curing epoxy adhesive EA 9394 was mixed and
applied to the mating ends of the joint. The ends were
brought together in contact and the adhesive bead smoothed
down and made continuous along the entire joint. This joint
was allowed to stand for 72 hours undisturbed to cure. The
EA 9394 bond was nonstructural and was used as a tack bond
to maintain joint location and minimize film adhesive leakage
to the interior during the adhesive/prepreg layup and cure
process.

Upon cure of the EA 9394 tack bond, strips of prepreg
and film adhesive were cut to the configuration and ply
orientation requirements of the engineering drawing. The film
adhesive (FM300, 0.08 lbs/ft2 film weight) was installed
centered over the joint against the feedline wall surface
(OML). Over the adhesive ply, the prepreg plies that formed
the overlapping splice strap were located and stacked per
drawing requirements. The stackup was vacuum debulked to
increase the level of ply compaction. The splice was bagged
to minimize resin leakage by placing double-backed tape at
the perimeter of the prepreg band and sealing with a
nonporous release film tacked to the tape. The entire feedline
was then sleeve bagged (two tubes of bagging film, one
through the interior and one around the exterior attached
together) to leave the tube open to have equal autoclave
pressure on both sides of the joint. The autoclave cure cycle
used was a ramp to 350°F under 85 psi pressure and hold at
350°F for 3 hours before cooling. The resulting splice joint
had an excellent appearance and passed an A-scan NDI
inspection for disbonds and porosity.

Application of Reusable Insulation
Following cure and inspection of the complete feedline

assembly, the foam-filled honeycomb core cryogenic insula-
tion was applied to the composite feedline. First, the non-
metallic honeycomb core was attached to the composite
surface using Crest 212 polyurethane adhesive. Crest 212 is a
two-part, room temperature curing adhesive with a Shore A
hardness of 75-85 upon full cure. The bonding procedure
began with the prefitting (using a spiral wrap pattern) of the
area to be insulated with 4-inch wide strips of the honeycomb

core. Individual strips are joined together using a quick-cure
epoxy to create a single large strip. Once prefit, the Crest 212
was mixed and applied to a wet film thickness of approxi-
mately 0.010 in. The honeycomb core was then spiral
wrapped around the feedline with pie-cut pieces inserted to
fill the larger area of the outer bend radius. Once wrapped,
the honeycomb was held in place for cure using 2-inch wide
shrink tape which was spiral wrapped over the core with
overlap and heat shrunk down tight to the core surface. The
cure cycle used was overnight at room temperature followed
by 5 hours at 160°F. This insured full cure of adhesive
(verified Shore A of 80).

The individual honeycomb core cells were then filled with
the spray-applied polyurethane foam 1034-2.5. The 1034 sys-
tem is a two-part, rapid rise foam which is delivered using
common foam gun equipment. Once foam was applied and
allowed to set, the excess was trimmed down even with the 1 -
inch honeycomb core height. Unfilled or partially-filled cells
were cleaned and refoamed with either the spray foam (large
areas) or a pour-foam version of the 1034 (small areas).

To protect the foam filled honeycomb core from damage,
a polyurethane coating was applied to the OML surface. The
polyurethane coating consisted of Crest 212 adhesive thinned
with the addition of acetone. The coating was brushed on and
allowed to stand for 24 hours.

VERIFICATION TEST RESULTS
The 7.5-foot long, 12-inch diameter all-composite

feedline was installed into a liquid hydrogen test module at
the NASA's Marshall Space Flight Center (MSFC) in order to
validate the overall design. The line assembly was success-
fully cryo-shocked in liquid hydrogen and tested to 28 psig
during a chilldown test. In these tests, the feedline was
insulated with the reusable insulation previously described,
and was mated to aluminum components on each end using
C-Ring seals. Throughout the test, the feedline structural
integrity was maintained.

During the initial liquid hydrogen cryo-shock test, splice-
joint leakage was obtained throughout the chilldown and
stabilization sequence. This was achieved by bonding a
fiberglass bag around the joint, applying a known helium
purge through the bag, and measuring the hydrogen
concentration of the effluent with a mass spectrometer. The
maximum hydrogen concentration detected was 0.002%.
With a 900 SCIM helium purge into the bag, leakage from
the splice joint can be conservatively calculated as less than
0.018 SCIM at approximately 3 psig. This was an acceptable
level of leakage, although it was uncertain how the leakage
rate would have changed with increasing pressure. System
pressure during the cryo-shock test was limited by facility
safety requirements.

Individual flange joint leakage was not measured during
the chilldown test, however the overall test module enclosure
concentration gives some idea as to the performance of the
flange seals. The mean hydrogen concentration peaked at
approximately 50 ppm (.005%) when the composite line was
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pressurized to 28 psig. With a nitrogen purge rate of
approximately 38 lbs/min, the total leakage rate into the
enclosure was approximately 45 SCIM. Taking into consider-
ation that much of this leakage was probably emanating from
the various valves and connections in the hydrogen module,
leakage from each of the composite flanges was probably
very low (< 5 SCIM).

The reusable insulation system performed as expected
with no cracks, debonds, or ice formation noted. External
surface temperatures of the insulation remained near ambient
throughout cryo testing.

CONCLUSIONS
The test results indicate the composite feedline and

reusable insulation designs have matured to a point that will
allow full-scale development for use on a flight vehicle,
however additional testing is necessary. Additional testing
should include a leak test of the splice joint at an elevated,
more realistic pressure level than the 3 psig. Furthermore,
multiple thermal cycles should be applied to the test article to
address the effect of temperature cycling on the composite
structure and the foam insulation. Other areas to address
would be the repeatability of flange joint leakage
measurements, loss of bolt preload due to creep of the com-
posite flange structure, and also the ability of the overall
feedline to withstand vibration loadings typical of a space
vehicle launch environment.

Additional development of composite feedline technology
is required to develop a full-scale assembly for a flight
vehicle. Of primary importance is development of a compo-
site gimbal (flex joint) design. With the incorporation of
composite gimbal joints, estimated weight reduction for a
typical liquid hydrogen propellant system feedline is
approximately 60-70% over conventional vacuum-jacketed
lines of stainless steel construction.
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