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Detection of Hydrogen Leakage in a Composite Sandwich

Structure at Cryogenic Temperature
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Hydrogen tanks made of polymer-matrix composite material have been proposed as an enabling technology for
reducing the weight of reusable launch vehicles and increasing their payload. A key development issue for these
lightweight structures is the leakage of hydrogen through the composite material, which is generally a function of
the tank material, manufacturing method, mechanical load, any internal damage states in the material, and the
temperatures at which the tank must operate. A method for measuring leakage through a geometrically complex
structure at cryogenic temperatures and under mechanical load that has been developed, calibrated, and used to
measure helium and hydrogen leakage through the X-33 liquid hydrogen tank structure is presented. In particular,
results from the calibration tests are presented that indicate that the measurement errors are less than 10% for
leak rates ranging from 0.3 to 200 cm®/min at standard atmospheric conditions. In addition, both hydrogen and
helium leak tests that were performed on two specimens taken from a discarded segment of the X-33 tank structure
and results are compared. For both the hydrogen and helium tests leak rates varied with the applied mechanical
load. The level of hydrogen leakage is shown to be significantly higher than the helium leakage and to exceed the

acceptable leak rate for a vehicle like the X-33 liquid hydrogen tank by an order of magnitude.

Introduction

ECENT research on reusable launch vehicles has focused on

reducingthe costof delivering payloadsto orbit.! Animportant
aspect of reducing this cost is the reduction of launch-vehiclestruc-
tural weight. Liquid hydrogen (LH,) tanks can be the largest struc-
tural componentof a launch vehicle, and so the designof lightweight
hydrogen tanks can have a large influence on reducing the cost
of space access. Polymer-matrix composite (PMC) hydrogen tanks
have been proposed by Dixon et al. as an enabling technology for
reducing the weight of reusable launch vehicles. Because of this
potential benefit, NASA and Lockheed Martin undertook the de-
velopment of the X-33 reusable launch vehicle, which incorporates
two PMC LH, tanks (see Fig. 1).

A significant developmentissue for these composite structuresis
the preventionof hydrogenleakage through the tank wall. Hydrogen
is difficult to contain because of its small molecular size, and con-
tainment of hydrogen is critical because of its chemical reactiv-
ity. Concentrations of hydrogen in air above 4% by volume are
flammable, and hydrogen can detonate in air when concentrations
reach 18.3%by volume ? There are many placesin areusablelaunch
vehicle that can be filled with hydrogen, for example, spaces be-
tween the hydrogen tank and aeroshell and between the LH, tanks
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and the liquid oxygen tank (intertank volumes), to name a few.
Because the presence of these open cavities is dependenton a par-
ticular launch-vehicle concept, the acceptable hydrogen leak rate
also varies with the vehicle-conceptdefinition. For example, for the
National Aerospace Plane and the single-stage-to-orht vehicles*
acceptable leak rates for the hydrogen tanks were based on the total
amount of leakage expected through fittings and valves, which was
calculated to range from 107 to 103 scc/s-in 2.

The Lockheed Martin X-33 vehicle designincorporatestwo PMC
LH, tanks, shown schematically in Fig. 1. To more effectively fill
the lifting-body shaped tanks, the barrel section of each tank was
fabricated by joining four conical sections called “lobes.” This ap-
proachyielded quad-lobedtanks, with each havinghoneycomb-core
sandwich wall construction. Both facesheets of the sandwich were
graphite-epoxy (IM7/977-2) material, and the core material was a
3-pcf, unvented, aramid-phenolichoneycomb.

During preflight prooftesting, the first X-33 LH, tank failed when
the pressureincreased in the core of the sandwich tank wall causing
the facesheets to disbond and separate from the core material, as
shown in Fig. 2. An investigation team determined the most prob-
able cause of the failure to be a combination of microcracking of
the inner facesheet with subsequent gaseous hydrogen infiltration,
cryopumping of the exterior nitrogen purge gas, reduced bondline
strength and toughness, and manufacturing flaws and defects.’

Many factors contribute to the leakage of gases through ma-
terials. For example, porosity, manufacturing flaws, and internal
damage each contribute to the permeability of a material. In PMC
materials the greatest contributor to leakage is believed to be mi-
crocracks that form leak paths that allow liquids or gases to pass
through the material >® In Ref. 5 a ply-level stress analysis was
performed for the X-33 LH,-tank inner facesheet that used Classi-
cal Lamination Theory.” The thermal residual stresses in the plies
caused by cooldown from the stress-free temperature were com-
puted and compared with transverse ply strength values for the
IM7/977-2 material. The results suggest that microcracking proba-
bly occurred. It was also noted in Ref. 5 that microcrackingis likely
to occur in most PMC materials at —423°F (LH, temperature) be-
cause of large thermal residual stresses, large mechanical stresses,
and low transversematrix strength. Not only do the thermal and me-
chanical stresses cause microcracking in PMC materials, but when
microcracksalreadyexist within alaminate the combinationof these
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stresses can cause the microcracks to grow and increase the rate of
leakage through the material. For this reason, leakage should be
studied for the full spectrum of operational mechanical and thermal
loads while the material is at the operational temperature and under
mechanical load.

Typically, permeability tests are performed on small couponspec-
imens without accounting for mechanical or thermal loads, using
helium or hydrogen as the test gas® These tests are useful for
screening materials and fabrication processes, but they do not ade-
quately address the important issue of determining the in situ rate
of hydrogen leakage in built-up structural components exposed to
combined thermal and mechanical loads. The present study was
motivated by the need to measure hydrogen leakage through ac-
tual X-33 tank structure that was subjected to mechanical load at
the operational cryogenic temperature. Another issue that must be
considered when designing a leak measurement system is the ex-
pected level of leakage through the structure. During fill/drain tests
of the X-33 tank, the pressure inside the sandwich structure rose
rapidly after being exposed to hydrogen,® indicating levels of leak-
age higher than typical permeationrates, which are usually less than
10~* scc/s-in2. For this reason, a measurementsystem was designed
to measure microleaks or leaks that range from 10 scc/s-in? to

Fig. 1 X-33 structural arrangement showing quad-lobed liquid
hydrogen tanks and dual-lobed liquid-oxygen tank.

LH5 Tank

rom Inner Facesheet

1072 scc/s-in 2. There is no known leak measurementsystemcapable
of measuring leaks (of these magnitudes) through complex-shaped
structures that are mechanically loaded at operational, cryogenic
temperature.

The objective of the present study was to quantify accurately
the in-situ leakage of helium or hydrogen through complex, built-
up, mechanically loaded structures that have been cooled to cryo-
genic (liquid-hydrogen) temperatures. To accomplishthis objective,
anovel leak detection system was developed at the NASA Langley
Research Center. The objective of the present paper is to describe
this leak detection system and illustrate its application. Toward that
objective, the test specimens, mechanical loading setup, and in-
strumentation are described. Next, the tests that were conducted to
calibrate the system are described. Subsequent tests that were con-
ducted and the results that were obtained are then presented. Last,
an in-depth discussion of the test results and their implications is
presented.

Flexible Microleak Detection System

The flexible microleak detection system (FMLDS) is shown
schematicallyin Fig. 3. The system consistsof a flexible aluminized
Mylar™ vacuum membrane, sealed to a test specimen with a vac-
uum seal material (Fig. 4), and a microleak collection and mea-
surement system. When tests were performed at cryogenic temper-
atures, compressed foam was placed beneath the test panel and used
to maintain a slight positive pressure on the seal. The seal was kept
above 0°F to maintain an acceptable vacuum seal. Heated ethylene
glycol was circulated through a 0.125-in.-diam copper tube em-
bedded in the center of the seal. Gases that leaked through the test
specimenwere capturedin a spacemaintainedby a scrim clothunder
the vacuum membrane and were vented through a 0.0625-in.-diam
stainless-steel capillary tube to an evacuated control volume. The
capillary tube was connected to the control volume through 0.25-in.
stainless-steel tubing. Changes in pressure and temperature in the
evacuated control volume were measured and then used to calculate
arate of mass flow by using the ideal-gaslaw.” A mass spectrometer,
usedto determinethe gas speciesthatleakedinto the system, verified
thattheleak being measured was notfrom a source other than the test
panel. In the event of very low leak rates (less than 10~* scc/s-in%),
the mass spectrometer was used to determine the rate of
permeation.

er Facesheet Displaced

Quter Facesheet
Crack

Fig. 2 Schematic and photograph of the failed X-33 LH, tank indicating cracks and outer facesheet disbonds.
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Fig. 3 Schematic of the Flexible Micro-Leak Detection System.

Fig. 4 Test panel with vacuum membrane and cryo manifoldinstalled.

Test Articles and Instrumentation

Two testarticles were evaluated for both liquid helium (LHe) and
LH, leakage. Both test specimens were cut from a conical section
(or lobe) of the X-33 LH, tank that had been replaced because of
manufacturing flaws. Both test specimens were nominally 24 in.
long and 7 in. wide (Fig. 5). The specimens were doubly curved
with a radius of 65 in. in the hoop direction (as shown in Fig. 5) and
156 in. in the transverse direction (also indicated in Fig. 5).

The specimens were graphite-epoxy (IM7/977-2) sandwich con-
struction consisting of an inner facesheet of cross-ply tape with a
stacking sequence of [45/903/-45/0, 5] and an outer facesheet with
a stacking sequence of [65/0/-65/90 s5]s. The 0- and 90-deg-ply ori-
entationscorrespondto the hoop and transversedirectionsin the test
article, respectively. The honeycomb core material was 1 in. thick.

In these tests an in-plane tensile load was introduced (in the hoop
direction) to the inner facesheet by loading the specimen in four-
point bending (Fig. 6). Because the shear strength of the core was
very low, fiberglassreinforcementswere added in the load introduc-
tion region (Fig. 7). Because the outer facesheet was thinner than

Transverse Direction
Hoop Direction
Inner
Facesheet I

Fig. 5 Sketch of a typical |
test article with dimensions I
shown. | | | |

1-”{”71'111/

Outer Facesheet

| 21.5" |

Fig. 6 Schematic indicating how in-plane tensile load was introduced
into the inner facesheet through four-point bending.

the inner facesheet, a layer of fiberglass material was bonded to it
to preventits failure. Both of these reinforcements are illustrated in
the photograph shown in Fig. 8. The specimen’s temperature was
maintained at —423°F, and the source for leak gas was provided by
introducing cryogenic fluids into the core of the sandwich through
a stainless-steel manifold. Ten 0.25-in.-diam holes were machined
in the core at the center of the panel with 0.5-in. spacing to accom-
modate the manifold. Under four-point bending the shear in this
region of the core was negligible. Holes, 0.0625 in. in diameter,
were then drilled through each cell of the core to ensure that the
cryogen entered all of the cells during testing.

The test panels were instrumented for the measurement of strain
and temperature. Strains were measured using four uniaxial strain
gauges that were attached to the inner facesheet of the test panels
as indicated in the schematic shown in Fig. 9. Two gauges were
located at the center of the panel with one measuring in-plane strain
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Fig. 7 X-33 test article.
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Fig. 8 Specimen preparation details.
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Fig. 9 Test panel instrumentation layout.

in the hoop direction and the other measuring in-plane strain in the
transversedirection (referto Fig. 5). Another gauge was located 3 in.
aboveand 3 in. to the left of center, and the fourth gauge was located
3 in. below and 3 in. to the right of center, with each measuring
in-plane strain in the hoop direction (Fig. 9). Temperatures were
measured with three type-E thermocouples that were located near
each strain gauge location.

Test Descriptions
Four types of tests were conducted in the present study. In partic-
ular, calibration tests, thermal and thermomechanical conditioning
tests, liquid-helium leak tests, and liquid-hydrogenleak tests were
performed. The calibration tests were used to determine the range

of the leak measurementsover which the FMLDS could operate, the
accuracy of the FMLDS, and the effect of cryogenic temperatures
on the measurements. The thermal and thermal and thermomechan-
ical conditioning tests were performed to ensure that the thermal
and mechanicalload history of the test panels was as close as possi-
ble to those experienced by the actual tank. The liquid-helium leak
tests were performed to determine liquid-helium leak rates and to
determine measurement techniques before moving on to the final
tests, which were used to determine liquid-hydrogenleak rates.

Calibration Tests

Calibration tests were required to determine the range over which
the FMLDS could accurately be used to measure leak rates. The
FMLDS was calibrated to determine its accuracy for a range of
leakage flow rates and to determine the effects of cryogenic temper-
atures on the measurements. Two calibration tests were performed:
the first to calibrate the flow rates obtained from pressure measure-
ments and the second to determine the overall accuracy of flow
measurements made using the FMLDS at both room temperature
and cryogenic temperature.

The first calibration test measured the accuracy of the flow-rate
measurements obtained from monitoring pressure rises in an evac-
uated control volume over time, as indicated in the schematic of
Fig. 10. Gaseous helium (GHe) was supplied through a standard
50 scc/min flow meter, with an accuracy of 1% of the full scale,
across a precision leak valve and into the evacuated control volume
where the pressure was measured. Measurements were made at 1,
5, and 40 scc/min by setting the precisionleak valve and monitoring
the level of flow that registered on the flow meter. For each valve
setting the pressure in the evacuated control volume was monitored
over a 2-min period, and a flow rate was computed.

The second calibration tests measured the overall accuracy of the
FMLDS. This test was designed to measure the errors introduced
by the flexible vacuum membrane, the heated seal, and the capillary
tubing used to collect leaking gases. These tests were performed
at room temperature and at operational cryogenic temperatures to
determine if temperature effected the flow measurement. As shown
by the schematic of Fig. 11, the FMLDS was attached to the side
ofal2 x 12 x 12 in., stainless-steel container that was cooled with
liquid nitrogen (LN,). GHe was delivered through a precision leak
valve to the FMLDS by 0.25-in.-diam stainless-steel tubing and a
0.0625-in.-diam, stainless-steel, capillary tube. The gas was then

Flow Meter

Precision

Leak Valve Fig. 10 Flow calibration test

setup of the vacuum pressure-
measurement system.

GHe

Control Volume

Pressure Transducer

GHe Precision
% / Leak Valve
kN

Fig. 11 Test setup for
calibration of the FMLDS.

Capillary Tubes

Control Volume
Pressure Transducer
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removed from the vacuum membrane through a 0.0625-in. cap-
illary tube passing through the seal material and connected with
0.25-in.-diam stainless-steel tubing to the evacuated control vol-
ume, where the pressure and temperature were measured over time.
The GHe could also be delivered directly to the control volume by
using flow control valves to direct the flow through 0.25-in.-diam
stainless-steel tubing, which bypassed the FMLDS. Comparisons
of the flow rates measured when gas flowed through this bypass
line to flow rates measured when gas flowed through the FMLDS
indicated the accuracy of the system at various leak levels, which
were controlled through a precision leak valve.

Flow calibration tests were first performed at room temperature,
and then the system was used to assess the functionality of the
FMLDS seal at cryogenic temperature before flow calibration tests
at cryogenic temperatures were performed. When the seal temper-
ature reached approximately 0°F, the seal failed, and pressure in
the control volume rose instantaneously to atmospheric pressure.
When the inside surface temperature of the stainless-steelcontainer
decreased to below —100°F, there was not sufficient heat in the
seal-heating loop to maintain the FMLDS seal at 0°F. For the flow
tests at cryogenic temperature, the inside surface temperature of the
container was maintained above —100°F by controlling the supply
of liquid nitrogen to the stainless-steel container through a spray
bar. The subsequent FMLDS seal temperature during these tests
was 10°F, near the lower limit of the recommended seal operat-
ing temperature of 0°F. The flow of heated ethylene glycol was
maintained through the seal-heating loop during these tests. Both
the room-temperature tests and tests at cryogenic temperature were
performed with leak rates varying between 0 and 200 scc/min.

Thermal and Thermomechanical Conditioning

The two test articles were subjected to thermal and thermome-
chanical conditioning to ensure that thermal and mechanical load
history of the test articles was as close to that of the X-33 tank
structure as possible. Plots of the temperatures and in-plane me-
chanical strains that were applied to the test panels during thermal
and thermal-mechanical conditioning are shown in Fig. 12, and a
photograph of one of the test articles, mounted in the test apparatus
prior to conditioning, is shown in Fig. 13. The test panel was placed

— Temp.
E 42000
200 - - Strain
1500
0
Temp., °F Strain (X10° )
<1000
-200
500
-400
1 1 1 L

0 50 100 150 200
Time, min.

Fig. 12 Thermal and mechanical conditioning profiles for the X-33
panels.

Fig. 13 X-33 panel prior
to thermal and thermome-
chanical conditioning.

in the four-point-bendingfixture, and a cryostat (an insulated, five-
sided box, with a spray bar used to deliver cryogenic fluid to the test
specimen) was then placed on top of the specimen. During condi-
tioning, the temperature was maintained by supplying LN, or LHe
to the cryostat while load was applied.

Both test panels were thermally cycled first to —320°F by using
LN,, then to —423°F (LH, temperature) by using LHe, and then
again to —423°F by using LHe. On the third thermal cycle a me-
chanical load was applied that resulted in an in-plane tensile strain
of 2000 pstrain in the inner facesheet of the test panel.

Liquid-Helium Leak Tests

After the test panels were conditioned, LHe leak measurements
were made in the Thermal Structures Laboratory at NASA Langley
Research Center (LaRC). Photographs of the test apparatus are
shown in Figs. 14 and 15. The evacuated control volume, the
mass spectrometer, the Dewar of liquid helium, and the test arti-
cle mounted in a 100-kip hydraulic load machine are each visible
in Fig. 14. A close-up view of the test specimen, located in the load
fixture,is shownin Fig. 15. This figure also shows the stack of com-
pressed foam that was placed beneath the specimen to apply a small
positive pressure to the FMLDS seal during testing. Leak measure-
ments were made at inner-facesheetstrain values of between 0 and
4000 pstrain.

Liquid-Hydrogen Leak Tests

Subsequentto the LHe leak tests conductedat NASA LaRC, LH,
leak measurements were made at the NASA Marshall Space Flight
Center’s (MSFC) Cold-Flow-Hydrogen Test Facility (CFHTF).
These tests were performed at MSFC to determine the leak rate
using the actual LH, propellant. A photograph of the test setup in a
CFHTF test cell is shown in Fig. 16. During LH, testing, the panel
was sealed in a vented, aluminized Mylar™ bag that captured the
hydrogen and vented it safely to the atmosphere. The test hardware
(four-point-bendingfixture, foam support, and test panel) were then
contained within an aluminum chamber, which was purged with
GHe during tests (Fig. 17). Leak measurements were made at strain
values between 0 and 3750 pstrain.

| i I [ [ DeWa;r‘ ’,
‘\ m Test Ija‘nel '

1 |

i

Leak Detectiohy
Syste

Fig. 15 Close-up of spec-
imen in four-point bend
fixture.

¥ Capillary Tubo
22\ TestPanel e JEN
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Fig. 17 Close-up of the specimen in the GHe purge box during LH,
test at MSFC.

Test Results

Calibration Test Results

The ratio of the calculated flow rate F,, to the rate indicated by
the flow meter F. for the first calibration test is plotted in Fig. 18
as a function of F.. As shown, the measured flow rate is accurate
to approximately £7% at flow rates between 1 and 40 scc/min. For
the second calibration test the flow measured through the FMLDS
(F,,) and through the bypass line (F,) were recorded at each setting
of the precision leak valve, and the ratio F,, /F, was plotted as a
function of F, (Fig. 19). Corresponding results from tests at room
temperature and at cryogenic temperature are also given in Table 1.
At leak levels above 9 scc/min, the error was approximately 2%.
For leaks between 0.3 and 9 SCC/min, the error was about 10%.

Liquid Helium Leak Tests Results

For LHe leak tests of each test panel, measured leak rates were
plotted at inner facesheet strains ranging from 0 to 4000 pstrain in
Fig. 20. The leak rate increased with strain until a peak value was
reached; that is, 3.6 X 1073 scc/s-in2 at 2000 wstrain for panel 1
and 3.6 x 107 SCC/s-in.? at 3250 pstrain for panel 2. The leak rate
thendecreasedas strain was increased to 4000 pstrain. These values
vary greatly (by an order of magnitude for various strains) between
the two test panels.

Liquid Hydrogen Leak Tests Results

As with the liquid helium tests, the liquid hydrogen leak rates
varied widely for each panel tested. For both panels the leak rates
varied with strain. For panel 1 the leak rate remained constant at
approximately 5.3 x 1073 scc/s-in2, and it did not begin to increase
until the strain in the inner facesheet reached 2500 pstrain. At this
point the leak rate increased as strain increased to a maximum of
3.7 x 1072 scc/s-in2 at 3000 wstrain. The leak rate then decreased
as strain increased to 3.2 x 1072 scc/s-in? at a maximum strain of
3750 pstrain. Then, as strain was removed from the inner facesheet

Table 1 Calibration test results

Fe, Fo, Ratio
scc/min scc/min (Fn/Fe)
Room temperature data (70°F)
0.113 0.084 0.75
0.662 0.594 0.90
2.578 2.31 0.90
9.001 8.637 0.96
78.1 76.58 0.98
77.93 76.5 0.98
154.0 154.5 1.00
Cryogenic test data (—100°F)

0.311 0.277 0.89
24.346 23.861 0.98
206.38 203.346 0.98
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Fig. 18 Flow calibration results for the vacuum pressure-
measurement system.
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Fig. 19 Test results for calibration of the FMLDS.

the leak rate increasedto 3.4 x 1072 scc/s-in2 at 500 ustrain before
falling to 1.1 x 102 scc/s-in2, when the load was removed from
the panel and the strain in the inner facesheet was zero. This leak
rate was substantially higher than the initial leak rate at zero strain
(5.3 x 1073 scc/s-in?), indicating permanent damage had occurred
in the inner facesheet.

The leak rate for panel 2 also increased as inner-facesheet
strain increased (peaking at a value of 2.8 x 1073 scc/s-in? at
3750 pstrain). Then, as load was removed, the leak rate decreasedto
0.7 x 1073 scc/s-in 2 with no load applied. This rate was also higher
than the initial leak rate of 0.17 x 1073 scc/s-in? and indicated that
permanent damage had occurred in the laminate.

As seen in Figs. 21 and 22, the leak rates for both panels exceed
the acceptable leak rate of 1073 scc/s-in. given in Ref. 4. The leak
rates for the LH, leak tests were an order of magnitude larger than
the leak rates for prior LHe tests, which is not explained by the
differences in the molecular weight of gaseous He and H,.
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Fig. 20 LHe leak data for panels 1 and 2.
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Fig. 21 Panel 1 LH; leak data; arrows indicate order in which mea-
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Fig. 22 Panel 2 LH; leak data; arrows indicate order in which mea-
surements were taken.

Discussion of Results

The calibration tests indicate that the leak measurement system
is capable of measuring leaks between 1 and 200 scc/min with
an accuracy of approximately 10%. For the first calibration tests
the increase in the error seen at the lowest measured flow rate
(1 scc/min) is attributed to the accuracy limitation of the flow meter
(£0.5 scc/min). For the second calibration test the results suggest
that at leak levels below 1 scc/min (with lower levels of pressure)
the conductance through the 0.0625-in. capillary tube limited the
flow and increased errors in the measurements, as seen in the data
collected.

The measured leak rates indicate a significant leak problem for
the X-33 LH,-tank inner facesheet. The data gathered for the X-33
tank failure investigation indicate that for the actual structure un-
der thermal and mechanical load, hydrogen leaked at a rate signif-
icantly greater than the acceptable leak rate. The apparent leakage
was through paths created by interply microcracks that were gen-
erated by a combination of ply-level thermal residual stresses and
mechanical stresses generated by the internal pressure load. Leak
rates varied with the applied load and the test gas used. Also, large
variations in leak rates measured for the two panels tested indi-
cate that a wide variation in hydrogen leak rates can be expected
(0.0028-0.037 scc/s-in2).

Measured LHe leak rates do not correlate with the corresponding
LH, leak rates. The lack of correlation could be caused either by
accumulateddamagein the panels(thatis, increasesin damage as the
panel is repeatedly tested, with additional microcracking resulting
in higher leak levels) or leakage by different mechanisms for LHe
and LH,. This lack of correlation needs further investigation.

Conclusions

An apparatusand method of performing microleak tests that were
developed at NASA Langley Research Center (LaRC), in support
of the X-33 tank failure investigation,have been presented. Calibra-
tion tests that were performed to assess the accuracy of the apparatus
across a representativerange of leak rates and at cryogenic condi-
tions have been described and discussed. The test method and test
apparatus were used to perform leak measurements on a curved,
sandwich structure that was subjected to a four-point-bendingload
at cryogenic temperature. The curved, sandwich structure test spec-
imens consisted of two panels made out of a flawed X-33-LH,-tank
section. Leak tests of the two test panels were completed, with liq-
uid helium (LHe) leak tests performed at LaRC and LH, leak tests
performed at NASA Marshall Space Flight Center. The results of
these tests have been presented.

The calibration tests conducted indicate that the leak-
measurement system is accurate, with less than 10% error for leak
rates from 1 scc/min to 200 scc/min. Cryogenic temperatures have
no effect on the leak measurements as long as the seal temperature
iskeptabove O°F. The LHe and LH, tests that were conducted indi-
cate that further research is needed to determine whether LHe tests
can be used instead of LH, tests to determine whether leakage is an
issue for various materials when LH, leaks are the primary concern.
The test results presented herein also indicate that measured LH,-
leak rates are above acceptable levels that are typically used for a
single-stage-to-orbt LH, tank and that they can vary widely with
load level and location in the structure.

Overall, the investigation presented here has demonstrated the
need for structures-level leak testing to validate composites and
composite manufacturing processes for LH,-tank applications. In
addition, a measurement apparatus and method has been pre-
sented that can be modified to investigate other loading conditions
and geometries. These tests should include thermal and thermal-
mechanical conditioning and testing of structures under the actual
operational mechanical loads and temperatures.
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