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The coil spring in a Space Shuttle liquid oxygen check valve failed due to cyclic fatigue in September, 1991.
The dual-flapper, swing check valve is used to prevent reverse flow to the Space Shuttle Main Engines. Upon
inspection of the failed component, the spring tangs were found to be missing and heavy wear was observed on
the i.d. of the spring coils. The fracture surfaces revealed that the metal had been steadily worn away until a
simple overload caused the final fracture. A series of flow tests using water and a water/gas mixture was
conducted to identify the flow phenomenon that produced the cyclic wear. A Plexiglas® outlet housing was
utilized to view the flapper behavior under different flow conditions and to aid in high-speed photography. The
tests revealed that flow instabilities induced two oscillatory flapper responses: 1) a rocking mode and 2) a
chattering mode. Initially, attempts were made to reduce the spring-flapper oscillations. However, the final
solution to the problem was a springless configuration that satisfied the valve’s design requirements and elim-
inated the oscillations. The springless design relied on the inherent ability of the reverse flow momentum to

close the flappers.

Introduction

HE Space Shuttle Main Propulsion System (MPS) util-

izes liquid hydrogen (LH2) and liquid oxygen (L.O2) as
propellants. The LO2 system consists of fill and drain lines,
engine feedlines, and bleed return lines used for thermal con-
ditioning of each Space Shuttle Main Engine (SSME) prior
to ignition. The bleed lines are also used for pogo suppression
during SSME mainstage operation. During entry, the LO2
lines and SSMEs are purged with helium to maintain a positive
system pressure that reduces the possibility of ingesting con-
taminants. The LO2 bleed check valve (BCV) is located in
the engine bleed line between the SSME and the LO2 17-in.
manifold (see Fig. 1). If a SSME experiences a preliminary
or uncontained shutdown during flight, the BCV prevents
LO2 flow from the manifold to the engine. During entry, the
LO2 manifold is pressurized and helium is supplied to the
engine through a 0.052-in.-diam orifice in the BCV. The ori-
fice limits the helium consumption during the SSME purge.
If the BCV fails to close during entry, the helium supply will
be depleted prematurely, which reduces other environmental
purges of Orbiter compartments. In September, 1991, helium
usage during STS-43 entry operations was larger than normal
onboard the Atlantis. Postflight checkout revealed that the
engine-three LO2 BCV had failed open.

Current LO2 Bleed Check Valve

Valve Design

The MPS LO2 bleed check valve is a swing-style check
valve. The valve has two semicircular flappers that rotate on
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a cylindrical hinge pin and are loaded by a coil spring (see
Fig. 2). The dual flapper design provides a redundant flow
passage in the event that one flapper fails closed. The valve
housing is 8 in. long and is axisymmetric in the flow direction.
The inlet has a | in. diameter that increases to 2 in. imme-
diately downstream of the flapper seat, and then returns to
1 in. at the valve outlet. The internal flow is not axisymmetric
due to the crossflow flapper bridge and flapper assembly.

The valve housing, hinge pin, and Teflon®-coated flappers
are all made of corrosion-resistant stainless steel. The flapper
seat is made of a nickel-chromium-iron alloy. The spring metal
is a nickel-cobalt alloy that provides a fairly stable spring
constant across the operating temperature band.

The design specifications for the BCV call for a maximum
pressure drop Ap of 1.2 psid with LO2 flow through both
passages totaling 4 1b/s. The allowable Ap for a single passage
is 3.2 psid at the same flow rate. A typical flow rate during
SSME prelaunch conditioning is approximately 5.5 Ib/s. To
satisfy the SSME thermal requirements, an allowable Ap of
2.3 psid is also specified at 5.5 Ib/s of LO2 flow.'

Failure Description

Scanning electron microscopy (SEM) performed on the STS-
43 spring revealed that nearly 50% of some coil cross sections
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Fig. 1 Space Shuttle Main Propulsion liquid oxygen feed and return

system.
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FREE
POSITION

165 °

-
"% LOADED
POSITION

P L]

Fig. 4 Coil spring load.

had worn away (see Fig. 3). The reduced cross section led to
higher stresses and caused fatigue crack propagation on the
tension side of the coil wire. The final fracture was caused by
a simple overload at the base of the spring tang.”

In the installed position, the spring is loaded even when
the flappers are closed (see Fig. 4). The i.d. of the coil contacts
the upstream side of the flapper pin due to the spring tangs
and loop pushing on the downstream side of the flappers.
When the flappers are opened, the force applied to the pin
by the coil increases. If the flappers are then placed in a cyclic
mode, the friction between the spring and pin steadily wears
the spring coils until the spring fails. This is precisely what
happened to the BCV removed from the Atlantis. As an
interim- corrective action, the number of flights each spring
that could be flown was limited to four. This restriction was
imposed until a permanent solution to the spring wear could
be implemented.

Water Flow Tests

Following the metallurgical analysis, a series of water flow
tests was performed. The purpose of the flow tests was two-

Fig. 5 BCY test article with Plexiglas outlet.

fold: first, to determine the flow phenomenon responsible for
the cyclic wear, and second, to gain insight into possible design
changes that would eliminate the spring wear.

Current Valve Configuration

The objective of the first water flow test series was simply
to reproduce the oscillatory behavior that caused the spring
fatigue. The test article was a version of the flight BCV that
did not have the purge orifice. However, the significance of
a 0.052-in. orifice in the center of the flapper bridge was
considered to be small when examining the overall flow char-
acteristics around the flappers. In order to observe the area
downstream of the flapper seat, an outlet housing was ma-
chined out of Plexiglas. The test article is shown in Fig. 5.

Because of the Jarge difference in kinematic viscosities be-
tween LO2 and water,”~° no attempt was made to simulate
the Reynolds number of the flight flow. However, since the
flight Reynolds number is so large, the flow regime is fully
turbulent and the viscous effects were assumed to be negligible
when considering the flowfield momentum balance.® There-
fore, the test flow rates were chosen to simulate the dynamic
pressures that are experienced during flight operations. The
pressure drop data obtained was displayed using equivalent
LO2 flow rates based on the dynamic pressure similarity.”

During ascent, the BCV is exposed to a two-phase mixture
of gaseous and liquid oxygen. For the investigative flow tests,
a two-component mixture of water and gaseous nitrogen (GN2)
at various void fractions was used in an attempt to envelop
the ascent two-phase conditions. The results of the two-com-
ponent flow tests were used only for qualitative comparisons
to the single-phase water tests.

The initial test system consisted of a 1500-gal deionized
water tank, a GN2 injection system for two-component flow
tests, and a dye injection system for flow visualization. The
water flow rate was controlled via a throttle valve located
upstream of the BCV and was measured using a turbine flow
meter. To obtain the different void fractions during two-com-
ponent flow tests, the GN2 flow rate was also controlled via
a throttle valve and was measured using a variable area flow
meter. The gas injection point was placed downstream of the
turbine flow meter so as not to disturb the water flow rate
measurement. The dye injection system consisted of a pres-
sure-fed tank, a throttle valve to control the amount of dye
injected, and a #-in.-diam tube placed centrally in the main
flow tube to serve as an injector. A differential pressure trans-
ducer measured the Ap across the BCV that was mounted in
the test stand with the flow axis horizontal. Video and high-
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speed photography were used extensively to document test
results.

After completion of the first series of tests, two oscillatory
modes of flapper response were successfully identified. At the
lower water flow rates, the flappers would open symmetrically
and then rock from the seat of one to the seat of the other
as one rigid unit (see Fig. 6). As the water flow rate was
increased, the flappers continued to open, but began to os-
cillate independently of one another, or chatter, as shown in
Fig. 7. During two-component flow tests, the flappers exhib-
ited a more severe chattering behavior that caused the flappers
to repeatedly impact the seat area. Both the rocking and
chattering modes were capable of inducing spring wear due
to friction between the spring and the flapper pin.

The Ap data for the spring-flapper configuration was com-
pared to the qualification data previously recorded for the

. check valve.® The valve qualification tests had been performed
using liquid nitrogen (LN2) and the same test unit. Figures 8
and 9 illustrate that, instead of Reynolds number, the simu-

Fig. 7 Flapper ‘“‘chattering’” mode.
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Fig. 8 Resistance coefficient vs Reynolds number for spring and flap-
per configuration.

lation of dynamic pressure was appropriate in order to obtain
the correct resistance coefficient, K (K = Ap/p,,.).” The water
flow data yielded resistance coefficients, or LO2 Ap predic-
tions, which were slightly higher than the original qualification
data. This can be seen in Fig. 9. However, the prediction
trends were similar and suggested that a fixed pressure bias
might be present. The most likely source of bias in the Ap
prediction is the calculation of the test stand pressure loss due
to inlet and outlet fitting assemblies. For both the water and
LN2 tests, the fitting pressure loss was calculated by com-
paring a tare tube measured Ap, with the predicted Ap based
on the solution of the Colebrook equation.’ The difference
in the measured and predicted Ap values was attributed to a
flow resistance associated with the test stand interface fittings.
The pressure drop due to the fittings was subtracted from the
pressure drop measured at the same flow rate with the BCV
to obtain the corrected Ap value. Since the fitting pressure
loss is subtracted from the measured Ap in both the qualifi-
cation test data and the water flow test data, tnaccuracies in
the determination of fitting pressure loss would appear in the
comparison between the two data sets. Since the water flow
Ap results were conservative when compared to the qualifi-
cation data, the test methods were considered adequate for
the investigation at hand.

Belleville Washers/Stop Rod

The objective of the second series of flow tests was to
determine if the flapper oscillations could be eliminated by
minor alterations to the current design. Hardware changes
that would minimize the amount of requalification testing
required and maximize the utilization of existing flight hard-
ware were strongly desired. Two hardware modifications were
examined: first, the addition of Belleville washers between
the flapper hinges and the hinge pin brackets in an attempt
to frictionally damp the oscillations, and second, the instal-
lation of a stop rod downstream of the flappers to restrict the
flapper opening travel. Both configurations were tested using
the same flow conditions as those used for the spring-flapper
test series. Also, the same test setup used for the first series
of water flow tests was used in the second series of water flow
tests.

The addition of the Belleville washers proved to be inca-
pable of significantly reducing the flapper oscillations. Due
to geometric restrictions, the amount of frictional load re-
quired to damp the flappers could not easily be obtained using
Belleville washers. The introduction of an excessive frictional
resistance that could cause the flappers to stick open was also
a concern with this method.

Two different stop rod positions were tested (see Fig. 10).
The stop rod was able to eliminate the oscillations in the
higher, fully liquid flows. However, at low flow rates and in
the gas-liquid flows the stop rod was ineffective. The flappers
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Fig. 9 Resistance coefficient vs dynamic pressure for spring and flap-
per configuration.
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Fig. 10 Flapper stop rod positions.

Fig. 11 Teflon flapper wedge installed.

were not held open against the stop rod and the oscillations
were still present. Additionally, if the stop rod had been moved
close enough to the flapper seat to eliminate the oscillations
under all flow conditions, the resulting Ap across the valve
would have been unacceptable.

Observations of the stop rod tests led to the suggestion of
removing the spring, restricting the flapper opening travel,
and allowing the reverse flow momentum to cause the valve
to close when necessary. This “‘springless’” concept was ex-
plored using a flapper wedge.

Wedge (Springless) Forward Flows

A Teflon flapper wedge was installed over the existing flap-
per pin in lieu of the spring as shown in Fig. 11. The wedge
configuration included tabs that inserted into an existing cut-
out in the flapper bridge (see Fig. 12). These tabs prevented
the wedge from rotating on the flapper pin, thereby limiting
the opening angle of the flappers. The cutout section between
the tabs was necessary to maintain an unrestricted flow path
to the 0.052-in. purge orifice in the center of the flight valve.
Two wedge angles, 30 and 60 deg, were chosen based on the
Ap data from the stop rod tests. Using the same facility setup
and test conditions as in the previous tests, the springless
configuration was examined using both wedge angles.

The primary objectives of the wedge forward flow testing
were to verify that either wedge would be compatible with
the current valve design and to gather pressure drop data for
both wedge angles. Integration of either wedge was accom-
plished simply by disassembling the valve, removing the spring,
installing the wedge, and reassembling the valve.

No flapper oscillations were observed in any of the wedge
forward flow tests. This proved that the oscillations had been
caused by spring and flow force interactions and not simply
by pressure fluctuations acting on the flappers. The resulting
Ap data is presented in Figs. 13—15. Figures 13 and 14 show
that both the 30- and 60-deg wedges satisfied the dual passage
and single passage pressure drop requirements that were spec-

Fig. 12 Flapper wedge configuration.
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Table 1 Reverse flow required to close flappers

Wedge Valve Flapper pin H20 flow, GHe flow,
angle, deg orientation orientation Ib/s SCFM
30 Horizontal Vertical 0.13 10.5
Horizontal Horizontal 0.35 30.4
Vertical N/A 0.50 41.9
60 Horizontal Vertical 0.13 10.5
Horizontal Horizontal 0.29 26.6
Vertical N/A 0.49 41.9
4 4 : —————
° 2 Passage H20 (No Flappers) 4 2 Passage H20
v 4 2 Passage H20 (30° Wedge) v ¢ 1 Passage H20
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Fig. 15 Resistance coefficient vs Reynolds number for all configu-
rations.

ified earlier. Figure 15 compares the observed resistance coef-
ficients for all of the configurations tested in the water flows.
The results are as expected. As the wedge angle is increased,
the flow area diminishes generating a larger resistance coef-
ficient. The resistance coefficient for a fixed flow geometry
is roughly constant because of the magnitude of the Reynolds
number corresponding to each flow rate tested. The solid line
in Fig. 15 shows the variable resistance associated with the
change in flow area when the spring is installed. Note that
the 30-deg wedge and the spring result in approximately the
same flow resistance at the highest flow rates. The case with
the flappers removed shows the flow resistance due to the
valve housing alone. No wedge angles smaller than 30 deg
were tested since the resistance due to the housing contour
was comparable to the total resistance with the 30-deg wedge
installed. No problems were encountered with either wedge
installation in the existing valve housing. After the forward
flow tests were successfully completed, the primary question
that remained was whether or not the reverse flows would be
capable of closing the flappers without the spring.

Wedge (Springless) Reverse Flow Tests

A final test series was conducted in order to verify that the
springless BCV reverse flow requirements were acceptable
for the propulsion system operational performance. The two
previously mentioned scenarios requiring BCV closure are 1)
an early engine out during ascent and 2) a nominal entry with
environmental purges. _

The 30- and 60-deg wedges were tested with the valve
mounted in three different orientations: 1) flow axis horizon-
tal with flapper pin horizontal, 2) flow axis horizontal with
flapper pin vertical, and 3) flow axis vertical with flapper pin
horizontal (flappers hanging down). These three valve ori-
entations account for all possible valve orientations on the
vehicle during a mission. In each orientation, the amount of
reverse flow necessary to close the flappers was measured
using both water and gaseous helium.

The test stand was modified to accommodate this test series.
The variable area flow meter was replaced with a thermal

Dynamic Pressure, Pdyn (psi)

Fig. 16 Resistance coefficient vs dynamic pressure for 30-deg wedge
configuration.
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Fig. 17 Pressure drop vs equivalent LO2 mass flow for 30-deg wedge
configuration.

mass flow meter to obtain a more accurate gas flow rate
measurement and to provide an analog output for recording
on a strip chart. The turbine flow meter and differential pres-
sure transducer outputs were routed to a strip chart to assure
that the reverse flow conditions required to close the flappers
were accurately measured. Plumbing changes were made to
enable valve mounting in the three required orientations.

The results of the reverse flow tests are shown in Table 1.
In all cases, the flow rates measured were acceptable for usage
on the Orbiter.

Flight Certification

The new BCV flight configuration utilizes a 30-deg wedge
made from 304L stainless steel. The impact of the springless
check valve on MPS ground turnaround operations was as-
sessed and no problems were identified. After the develop-
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ment tests were complete, qualification testing of the spring-
less BCV was performed. The qualification tests used LN2
for the forward flow tests and both LN2 and helium to verify
the reverse closure. A comparison of the qualification LN2
forward flow tests? and the water flow development tests is
presented in Figs. 16 and 17. The qualification tests verified
that the springless BCV satisfied the necessary pressure drop
requirements. The reverse flow closure capability was also
reaffirmed by the qualification tests. The springless BCV first
flew on Space Shuttle mission STS-61 in December, 1993.
The valve performed nominally and has successfully flown on
all subsequent missions.

Conclusions

1) The oscillations that caused the spring to wear were
caused by the interaction of the spring and flow forces on the
flappers.

2) The removal of the spring from the check valve elimi-
nated the oscillations as well as the fatigue-sensitive part.

3) The springless check valve was capable of meeting for-
ward Ap specifications as well as reverse flow closure require-
ments.

4) The springless check valve option provided a simple
solution making use of the current flight hardware.

5) The reliance on reverse flow momentum for check valve
closure is a valid concept.
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