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Each Orbiter Vehicle (Space Shuttle Program) contais up to 24 Kevlar49/Epoxy
Composite Overwrapped Pressure Vessels (COPV) fotasage of pressurized gasses. In the
wake of the Columbia accident and the ensuing Return To Flight (RTF) ativities, Orbiter
engineers reexamined COPV flight certification. Tk original COPV design calculations
were updated to include recently declassified KeviaCOPV test data from Lawrence
Livermore National Laboratory (LLNL) and to incorpo rate changes in how the Space
Shuttle was operated as opposed to orinigially ersibned. 2005 estimates for the probability
of a catastrophic failure over the life of the progam (from STS-1 through STS-107) were
one-in-five. To address this unacceptable risk, thOrbiter Project Office (OPO) initiated a
comprehensive investigation to understand and mitigte this risk. First, the team considered
and eventually deemed unfeasible procuring and repting all existing flight COPVs. OPO
replaced the two vessels with the highest risk witkxisiting flight spare units. Second, OPO
instituted operational improvements in ground procelures to signficiantly reduce risk,
without adversely affecting Shuttle capability. Third, OPO develped a comprehensive model
to quantify the likelihood of occurance. A fully-nstrumented burst test (recording a lower
burst pressure than expected) on a flight-certifiedsessel provided critical understanding of
the behavior of Orbiter COPVs. A more accurate modl was based on a newly-compiled
comprehensive database of Kevlar data from LLNL andelsewhere. Considering hardware
changes, operational improvements and reliability radel refinements, the mean reliability
was determined to be 0.998 for the remainder of th8huttle Program (from 2007, for STS-
118 thru STS-135). Since limited hardware resouree precluded full model validation
through multiple tests, additional model confidencewas sought through the first-ever
Accelerated Stress Rupture Test (ASRT) of a flownlifht article. A Bayesian statistical
approach was developed to interpret possible tesesults. Since the lifetime observed in the
ASRT exceeded initial estimates by one to two orderof magnitude, the Space Shuttle
Program deemed there was significant conservatismmithe model and accepted continued
operation with existing flight hardware. Given thevariability in tank-to-tank original proof-
test response, a non-destructive evaluation (NDEg¢hnique utilizing Raman Spectroscopy
was developed to directly measure COPV residual s#6s state. Preliminary results showed
that patterns of low fiber elastic strains over theoutside vessel surface, together with
measured permanent volume growth during proof, cow be directly correlated to increased
fiber stress ratios on the inside fibers adjacenta the liner, and thus reduced reliability.
Associated with this volumetric response, thoughtié¢d to void compaction, was the
discovery, though laser profilometry inspection ofthe interior of several flight COPVs, of
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deep (up to 20 mil) depressions in the liner extasi. A comprehensive analysis was
performed, which showed that these observed deprésas were significantly less than the
threshold established as a high-risk criterion fodiner buckling.

Nomenclature

Po = reference pressure at T=300K

Pop = operating pressure

Pmop = maximum operating pressure

t = clock time

teff = effective time

T = temperature

Top = operating temperature

Thret = reference temperature

Dref = power-law exponent for lifetime in terms of fibgress ratio

I. Introduction

he Columbia Accident Investigation Regoaddressed the Culture of Safety which existed ASA

“Organizations that deal with high-risk operationsust always have a healthy fear of failure — operst must

be proved safe, rather than the other way aroundSA inverted this burden of proof.”A change in
philosophy was mandated: the design and its op@smtinust be proven to be safe. Prior toGodumbiaaccident,
it might have been easy to disregard a safety cormedismiss a problem in favor of what engingbmught or felt
was acceptable to fly. The new culture of safetyuired that adverse data be properly scrutinizetithat flight
rationale based on sound data be developed.

In this respect the recent Kevlar-Composite Oveppeal Pressure Vessel (COPV) Investigation represent
NASA success. The inter-disciplanary team withegtgfrom industry, academia and civil servicepfrmultiple
NASA centers and from National Laboratories workedether to resolve a complex technical probleme Th
resulting flight rationale and continued flight édons were based on data and analysis. It isrd$ed that the
knowledge developed for the Space Shuttle Prograsrbeen propogated to successive NASA programsnanel
broadly benefitted the COPV industry.

A. Motivation for Composite Tanks

Introducing Kevlar-COPVs into the human spacefligldgram represented a significant technical aehent
for the Space Shuttle Program. Each Orbiter vehadntains 24 Kevlar-COPVs for pressurized helidor (
propulsion) and nitrogen (for life support) at @®s up to 5,000 psi. Incorporating COPVs instefadaditional
all-metal tanks reduced the Orbiter weight 752 misunThis weight reduction is noteworthy in lightthe total
Orbiter dry weight (176,419 pounds, fatlantis). However, the 752 pounds is considerable redatiivthe Space
Shuttle payload capability. The Space Shuttledsiver 36,300 pounds to a 51.6° inclination ofb& would be to
the International Space Station) or 54,200 poua@s28.5° inclination orbit.

B. Original Design Considerations

A COPYV consists of two parts; a metallic liner am@omposite overwrap. On the Shuttle, the metéiiers
were spherical shells made of titanium at a nom{@al04”) thickness. The overwrap was Kevlar-4&fiin an
epoxy matrix of nominally 0.739” thickness. Thanpary purpose of the liner is to contain the gathinithe
realatively permeable Kevlar overwrap, however, lither did carry 20-30% of the total load of theegsurized gas.
The remainder was carried by the overwrap.

During initial Program development, engineers coeisd all credible failure modes and mitigated thslough
design. Early on, the primary failure mode of Wessel was considered to be fatigue of the lindreein the parent
material or in the welds. The design requirementtiie liner was Leak Before Burst (LBB). By ddfiion, LBB
requires that material defects or fatigue crackbénliner to manifest themselves in such a wayitteacrack grows
and penetrates through the liner it would contiguewing slowly enough for the gas to slowly escapghis
mechanism precludes a burst from a stress congientiaf unzipping (liners were not bonded to themwap) and
the sudden release of the stored energy in the i@aspd gas. The Space Shuttle Program underwexhanstive
test program to validate this failure mechanismveifity tanks were experimentally cycled in fatigaedonfirm this
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concept. It is noted, however, that compressiveKling) failures were occasionally observed. T€heumstances
that led to that failure mechanism were felt notepresent flight conditions.

Failure of the overwrap by stress-rupture wasahitipresumed to be non-credible, that is, there balieved to
be sufficient margin in the overwrap strength tegude such failure mode.

The original program requirements were for 100 faissin 10 years. The original certification nesitsded a
10 year life on the materials (liner and overwrapjgl for cyclic fatigue concerns, the vessels wowddd to survive
a number of pressure cycles associated with 108§ionis. Cycle testing was performed on test agitdeshow that
each vessel liner could survive a factor of 4 oratulias anticipated for 100 missions. Upon retingimthe most
flown Orbiter,Discovery had completed 39 flights. The OMS pods have limtenchanged throughout the program
for various propulsion issues. The left pod (LP6fliscoverywas the fleet leader, with its #dlight on STS-133.
The corresponding 40” tank (SN0O15) was also thet fleader with respect to effective hours.

C. Initial Safety Concerns
As part of the Return To Flight (RTF) Activitieslifowing the Columbiaaccident, the NASA Engineering and
Safety Center (NESC) established an investigattamt in February, 2004, at the request of the Sfdwatle
Orbiter Project Office (OPO). On February 26, 20t NESC Review Board accepted this task andj@adgi
Assessment 04-016-E. Former astronaut Kenneth @&nefon headed up team of experts from the NESC
Structures, Materials and Non-Destructive )
Evaluation (NDE) Technical Discipline Team 'able 1. Measured Burst Pressures of Orbiter COPVs.
(TDT), and external, world-renown COP\
Experts.
The NESC Assessment Team gathered &
built a comprehensive database incorporati
Lawrence Livermore National Laborator

26" Tanks 40" Tanks
Burst Pressures (psia) 8,890 (SN-003 8,010 (SN-002
9,020 (SN-004) 7,667 (SN-011
9,570 (SN-001Q)

(LLNL)  stress-rupture data on sma Fiber Stress Ratig 47% OMS 4875 psi
Kevlar/epoxy test vessels and strand(SR) SR=64%
Dupont/DOE replicates of LLNL Laboratory MPS 4500 psi
tanks, and Cornell University single-fiber te SR = 53%
data. This Assessment Team develop

mechanics and  reliability = models to

accommodate the typical pressure and temperatuctiéitions observed in the Shuttle Flight Datae #dam issued
the following preliminary findings 1) Kevlar/Epoxy (K/E) COPV are susceptible to geess-rupture failure mode
that can result in an explosive release of storegtgy, 2) Risk is a strong function of fiber strésgel, time at
pressure (adjusted for temperature), 3) Likelihobdtress rupture failure in Orbiter COPV is siggahtly higher
than previous predictions, and 4) Reliability m@dahd supporting database need to be updated l¢ztrebew

knowledge as it is gained. B0 e TPttt et
Included among their findingS 600 Weibul shape parameter of 30 extrapolates LLNL b
. : H scale parameter for strand strength to scale
was: 1) Stress Ratios for Orbite _ sso- pishisbiiodpsandn o MY : 1
COPVs should be based on actu 2 s0f~-..._ N and Orbiter vessels - except OMS and RCS Lﬂ:;fg;:;:wfohﬂ::r il
measured burst strengths of specif £l |\ e ], vessels, and only vessel not
E | e el T—— /
tanks (OMS, RCS, MPS) not or 8yl s TTme ) :_qu:p ET;,, i Lln;::ln 9 il
design values from test coupons ¢ @ e e N
10-inch rubber-lined vessels  § 3501 -DOE L e ] WEs 261088)
(‘Lincoln 9) It was noted that o  (-2ePemdidbirolomtl o e cioeo O~ _EcLss@ups 2 (1976)
iynifi .- : . & 300 |e-nmmmmmmeemeee] 297 ki fprojected OMS He b | IR T = i
significant size effect exists, i.e. £ _ 2 el lprjeried OHS o b ofondth | Y g
. . . a | 267 ksi (OMSHe qual burst test with possible liner failure) % SNO02@- — — -
apparent fiber failure strength it -0 S R S SRR D S TR S a—
lower for small COPVs compared t( Size efect n burst strength of NASA
epoxy_imprengated tows and stil and related Kevlar 49/epoxy COPVs.
|OW€r for |arger COPVS _ OMS an( 201004 L ”“;‘6.3 L ““:II{IJ.Q P ILH.;B.‘ L I’“:]‘E]u 1 Jnu‘uln::]‘ M ||||:I|lo2 L ““:I‘L]] M ““i]lo,‘
RCS vessels, and even lower the Kevlar 49/epoxy overwrap volume relative to overwrap volume in LLNL vessel

expected based on scaling from 26rigure 1. Size Effect of Orbiter Tanks. Fiber strength scales with overwra
MPS tanks (which were actuallyolume and shows anomalies for the largest tanls.

designed to a lower burst pressure).

Revised Stress Ratios for OMS, RCS and 40" MPSstandwv become higher than used for original fleatiéss.
This was of critical importance as the envelopingjd of JSC fleet leaders was no longer applicable.
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D. Orbiter Vessel Scaling: Importance of Size Effect

The Orbiter vessels were built with a similar desand it would be expected that they would scald whe
another. The measured burst strengths of certdiited Vessels are presented in Table 1. For \&$kat were
similarly scaled, it would be expected that the sueed burst strengths would be comparable to onthanafter
accounting for the total volume of overwrap undeess. In fact, based on the two tanks that wested the largest
40" tanks had a considerably lower burst strenigéim tpredicted (as did the smaller RCS tanks). Témisessels for
use as either OMS or MPS tanks, their corresponfiliey stress ratios were significantly higher tteendesigned.
If delivered fiber strength is 318 ksi (suggestgdektrapolation of MPS 26 inch vessels) vs 253(kaggested by
SNO011), then stress ratio would be reduced by faftd.26 and lifetime is increased by factor df.26f* = 242.
This became a significant concern for the Orbiteetf In Figure 1, the scaling of apparent fibersgth with
respect to relative overwrap volume more acutdlystitates the scaling effect. Given the measurddes fall
below this universal relation, the life of theseksais considerably lower than originally anticigt

E. NESC Key Findings

On April 12, 2007, NESC Assessment Team issued fimail reporf with the following key observations and
final recommendations on COPV Reliability Calcudas. The NESC team developed new methodology rivede
an effective time at maximum operating pressure gylased on the actual time, temperature andypeebsstory
of each Orbiter COPV. The methodology is basedhencumulative damage concept inherent to all Kestegss
rupture models and on Arrhenius based interpretaticelevated temperature lifetime data. At ambiemperature
three different, independently derived, models poedl consistent results, lending credibility to theerall
methodology, but only one model was able to accodat® temperature fluctuations, using experimental
observations on single fibers and epoxy impregnateeas. While it was not possible with the limiteigne
available, to validate these models by testingheacdel incorporated all available data.

The Team provided a reliability estimate to the i@rbProject Office prior to the STS-114 Flight Resess
Review. For the cumulative risk of the system 6fQrbiter COPVs, the estimated conditional religpifor the
subsequent three flights was determined to betkligletter than 0.999.

The Team also noted that for both the 40-inch OM8 BWIPS vessels, each vessel must have its strégs ra
individually calculated based on acceptance daié sabsequent burst test data.

F. Tank Production History
The COPV Team's review of eact - =
original 40" tank acceptance dat: 75

...................... T T T T T T T T T T T
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the permanent growth in volume durin
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following the winding and curing of the
composite overwrap, the tank undergor
an initial pressurization up to abou
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plastically deforms so that upor
returning to zero pressure the liner
placed in compression close to it
compressive yield point. This initial
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(actually the same as the “proof cycle”Figure 2. Volume Growth During Autofrettage. As a function of vesse
and following this cycle the interiorbuild order, there wele strong differences
liner shows a permanent volume increase, calledi¢ita volume. The tank volume was measured thvouigthis
process, after the liner was welded together, dlftertank was wound with overwrap, and a third tiafier the
initial autofrettage pressurization step. The [@ien of the measurement at the time was thougbgetwithin 0.1%
of the total volume which was approximated9,000 if. Permanent growth in tank volume during this pesc
became the key parameter because of its indicafitime state of fiber hoop strain adjacent to therl Large deta
volume growth implies through overwrap thicknessdvoompaction (and perhaps other damage), a higssst
gradient through the overwrap, and thus highersstia fibers next to the liner driving up stressiorgand
correspondingly, a lower fiber stress on the oetsid

A comparison of this delta volume growth duringcdrdttage as a function of the vessel build ordehe life of
the program (presented in Figure 2) shows someritapd trends. The delta volume was cacluated tifferent
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Select measurements obtainedhat \White
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G. Space Shuttle Program Risk

One way in which the Space Shu
Program tracks risks is through tBauttle
Integrated Risk Management Applicat
(SIRMA). Risks are reviewed regularly 1E02 i E0i
Shuttle Program managementhet risk
associated with composite stress rup
became a top Program risk, as show
Figure 3 and the'5highest Here the toj
risks with their relative uncertainty are presené¢dhe time of the Return to Flight (R™ in 2005 prior to the
launch of STS-114. The top tweks are Micr-Meteriod Orbital Debris and Ascent Debris, botiwbiich could be
catastrophic if such impact damaged the structategrity of the Orbiter. SSME is a ca-all for risksattributed to
the Space Shuttle Main Engine. Similarly RSRB =tch-all for risks associated withe Reusable Solid Rock
Booster. Crew Error oftntry refers to any number of pilot errors that migave occurred during reentry. T
specific failures of the Auxilliary Power Unit (ABWre of sufficient risk to bencluded on the lis Number 10 on
the list relates to the hold down bolts on the GBocket Booste

17
\ The Risk of a COP\
m.

Il.  Orbiter Engineering Team

Building on the initial groundork of the NESC Assesme¢ Team, the Orbiter Engineering Team was tas
with three actions: 1) Investigate COPV procurenaant replacement, 2) Malimprovements tishuttle operations
to reduce effective time at pressure and 3) Devato@rbiter reliability model to quantify fure risk based on mo
recent test data and analysis of past. These three tasks are detailed below.

It is noted that a companion investigation conied COPV Kevlar overwrap agiffy During that stud:
performed by the NASA materials group, there no discernable difference between new fibers osdhbat hat
been manufactured thirty years ago. Additionafigecimans from thColumbia tanks, which were recovere
following the accidentwere also analyzed a within the levels of uncertainty involvediifferences in material
mechanical propretiesere not evidel.

A. Tank Replacement

Orbiter engineers performed a comprehensive amatgsassess the feasibility to replace the exgsi@nbiter
vessels. In the life of the Space Shuttle Progi@m, MFS 40" tank had been replacétiese are accesib, but no
certified procedures had been developed for the @Ah&s and the program only had certifiec flight spares
available. Several scenarios were investig

Option 1 was to replace existing ta with new COPVs. Schedule considerations didafiotv time foi a new
tank to be designedOption 1A was to procure new tanks to the odgspecifications Although the new COPV
would have comparable stress ratios as the origiagk, they would ot have sufferedhe previous time unde
pressure from the first 113 Shuttle flights. OptibB was to procure new Commercial Off The ShelO(GS)
vessels. The closest COTS equivalent wof cylindral shape (compared to the existing spheritzdign) ad
substantially larger. Such replacement would hrageiired a complete redesign of the OMS F

Option 2 was to swap the existing OMS tanks withGviBnks. However, it was deemed that this optias
unacceptable given the minimal improvement to f risk.

Option 3 considered adding an additional tank nkseto increase the OMS system volume. This walllalv
the tanks to be filled to a lower pressure andeachthe same capacity to deliver gas to the OM&digropulsior
tanks. This was deemeah acceptable approach for the OMS system, alththaglke was significant risk associa
with attempting to implement such a sceni
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Option 3 proposed strengthening existing tanks dgireg additional layers of overwrap. Such an op@na
would have required extensive development, anafysisqualification effort, and would risk bucklitite liners.

Next, the team investigated replacement proced@estified procedures existed for replacement ofSvihd
ECLSS tanks. The team was tasked with determingasibility to replace existing OMS/RCS tanks. Dgri
original fabrication, the OMS Pods were built arduhe helium tanks. Replacing this tank requirattimg into
major structural elements of the Pod and/or cuttimgugh the exterior skin of the Pod, which serasdexterior
skin of the Orbiter. A preferred approach wasdek although not pursued, given risks and scheeskeictions.

The two MPS vessels which were deemed the higies{iVIPS tanks ormtlantis) were replaced with the two
flight spares. One of the removed tanks (SN-00&3 vetained for a future flight spare; the otheéd-(®7) was
sacrificed for the Accelerated Stress Rupture Toestcribed later in this paper.

B. Operational Improvements

The Orbiter Engineering Team was tasked to devel@gmges to flight procedures to mitigate risk. Gimeple
option would have been to reduce the upmass cayadid reduce the pressures in the various systbaisthe
goal was to not adversely impact operations. Tible was determined to vary fairly linearly with g&runder
pressure, adjusted for temperature. Effective tahestandard temperature and pressure could beceddoy
lowering pressure, temperature or time under pressA number of operational improvements were engnted
which had the effect of lowering this effective &nbased on model results described by a laterularm

First and foremost, it was noted that during thadlog procedure, the thermodynamics of increashmg t
pressure on loading were associated with a largease in temperature. Introducing a two stageithgaprocess,
where the tank was first loaded to a set presaueh(as 60% of full operating pressure) followedabgooling off
period’, before the final loading raised the presdo launch loads.

Several other changes, which collectively had gdampact were as follows. Original tank fillingexifications
defined a minimum level of pressure without impgsiemperature limits; however, later experimentadience on
single Kevlar fibers and epoxy impregnated Kevltnaredls demonstrated a significant acceleratingceféd
increased temperature on their stress-rupture peafiace. Thus a new operational procedure wastéusthat set
specified temperature and pressure limits for futtisk mitigation. Furthermore, system checkoutstdsetween
Shuttle flights were limited to 80% launch loadheatthan full operating pressure. Loading of #ngks was moved
later into the launch preparation procedure. Oailiyn loading of the flight gasses occurred asyeasl 12 days prior
to launch; tank loading was changed to commendivatdays before launch. Also, in order to protgobund
personnel, pad access was restricted to esseatisdmmel after pressurizing the tanks. All persbamge restricted
from pad access during tanking pressurization.

The Shuttle Program was able to perform an off-lf@ad reduction) in the helium system for OMS, bat for
MPS. For Shuttle Missions to ISS, pressure inhtbleum tanks is driven by the failure scenario ddanch abort
(Return To Launch Site-RTLS). In this scenariojsitnecessary to expel the liquid fuels in the ONtfsiid
propellant tanks in order that the Orbiter vehiei# meet landing center of mass constraints. Redyuthe OMS
liquid fuel and corresponding helium pressure meRMELS constraints and only loses 10 pounds Ascent
Performance Margin (APM). OMS COPYV pressure wasiced from 4875 psia to 4450 psia. This presshaage
itself resulted in a reduced effective accumuldbedd, per mission, from 105 hrs to 35 hrs. Thé& risessentially
linear with effective time, thus the risk to stregpture was reduced by a factor of 3. The red @bt pressure
became the standard load’he lower pressures were to be used when possbbk;it was expected only two
missions would require the full load: the 1SS AsbgnMission 1J/A (STS-123) and the Hubble ServicMigsion
(STS-125). The 1J/A mission had a particularly Myepayload, the first module of the Japanese laboya
Japanese Experiment Module (B)b Ultimately this mission flew with the standdmhd. STS-125 required the
additional propellant load for the 28.5° Inclinatiorbit needed to reach the Hubble Space Telescdpee to the
desire to take additional supplies to the ISS atethd of the Space Shuttle Program and the comfédienaccepting
the flight risk due to the conservatism in thealliity model used to quantify risk of catastropbtoess ruptre, the
last three flights (STS-133, 134 and 135) were #tsen with full loads.

Similar MPS analysis resulted in the recommendatiionot perform a further off-load. The MPS helilmad
was driven by the failure scenario in which one c&p&huttle Main Engine (SSME) ‘went out’ during Ast. A
100 psia offload in MPS helium corresponded to &oads margin in SSME Engine Run Time. The change
MPS COPV risk (associated with a 100 psia offloads considered small relative to the margine nedded
‘protect’ against an SSME failure (additional rume in the failed SSME scenario).
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C. Reliability Model

In order to quantify the risk of failure, the OdnitCOPYV team developed a detailed reliability modehere are
three essential components. First, how does Kdibdar perform in stress-rupture for a given streasso (i.e.,
sustained fiber stress level divided by effectiberf strength as determined from COPV burst testlts) at given
effective time? Second, at which stress ratio eate the Orbiter tanks when loaded to nominalsure® Third,
accounting for various levels of pressure and chang temperature, what is the effective time th&@OPV tank
will experience in a typical Space Shuttle flighHfach of these three components are handled selyai follows:

1. Kevlar Fiber Model

In order to develop the reliability model, the Kawvlhessel and strand databases were carefully zathlyrhe
first observation of the data was that fiber volufraetion influences apparent or ‘delivered’ fibgrength (even
after applying the rule-of-mixtures), but the effem stress-rupture lifetime is different. This quivated data
interpretation in comparing various Kevlar/epoxyaatl experiments, and the LLNL and Orbiter COP\fspiag
which the fiber volume fraction differed substaltjia

2. Corrections to Kevlar Database

There were several adjustments to the databasen¢leaed to be implemented to properly charactéteadar
fiber stress-rupture behavior and remove extraneatsbility effects. Each adjustment, appliedtie database,
served actually to increase the Orbiter vessedlvdliy and were a necessary contribution to aahiight rationale.

Another problematic aspect arose in the LLNL vesksgh base in that each spool of Kevlar fiber weeduto
make 30 vessels, and there were 8 spools, so \&asglles for each test condition were randomlycsedefrom
these spools. Unfortunately, the spools themsgivesed to be significantly different in terms ofetlthe burst
strengths of their resulting vessels, and stregtira lifetimes they imparted to their vessels, amdanalytical
approach was developed to separate out the spapleml effects in order to better quantify the ahility and
uncertainty associated with the reliability estiesat Note that the Orbiter COPVs typically mixeds$drom many
spools to make the wrap bands and the large dep@sls themselves mixed smaller denier fiber sajrse the
spool effect was not an issue. An example of pheokto-spool effects was discovered around 1980Hpank
Gerstle of Sandia National Laboratories. Dr. Gerdiscovered an anomaly in spool seven such thatheafibers
had twice the cross-sectional aféehis anomaly source was reported as a DuPont gsweerror.

In comparing stress-rupture behavior of epoxy-imgeged strands and small vessels, that had betad tes
another important discrepancy in the data was @bderparticularly when comparing the LLNL and prasd

1.15 T T . . I
1.1kF Weibull scale parameter for stress-rupture
1.050 SLP 8/02/06 lifetime of LLML spherical pressure
: p >200 t, = 1.3 hrs vessels and strands based on 380 denier
B T [ N, Kevlar 49 fiber in DER-332/T-403 epoxy
005 O0o®-m. @ ™ |atV,~65%. (PRD a8lll strands use
o E-.__‘ \ ERL2258/ZZ1.0820 epoxy atV_ =71.5%.)
o 0.9r p =65 to 90 "'Qj -
© 0.85 o o Ty %\ p and « increase and
w S ‘1_'_'t.\.\.\ strength decreases N
& osl - with material volume _
‘E summerfwinter temperature changes induced under load.
 0.75} pressure fluctuations causing liner plastic yielding -
g and 'ratcheting’ of fiber strain from A p adjustment. *
i o7k _
LLNL strands [szﬁﬂ%] —— -
065+ LLNL strands (PRD 48ll1) e -
LLNL 1-wrap vessel =rmmsmmamma
0D6F duPont-DOE 1-wrap vessels = mm mm mm mm = ]
’ LLNL 4-wrap vessels ‘N
Cornell single fibers ‘N
055 1 T T T 1 1
-4 -2 0 2 4 G
10 10 10 10 10 10

Lifetime, hours

Figure 4. Kevlar Database. Incorporating all known data, theOrbiter Team developed a universal curve for Lifetne
versus Fiber Stress Ratio.
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identical DuPont/DOE replicates. It was discovetieat the liner aluminum materials were not identicayield

strength due to different processing, and the DUP@E tanks appeared weaker in burst strength sedyced
relatively longer lifetimes than the LLNL vessetbjs led to further discovery of winter-summer tergture
fluctuations, which coupled with “topping off vetsefound at times to have low pressures and sulesagliner
yielding during higher temperature periods led t@rassure-temperature ratchet effect on fiber rerairhis
discovery was important to determining the propgroment for lifetime versus stress level (aboutv@dsus the
ratchet-driven 20.5) as seen in Figure 4, and ttustrolling and better understanding the levaldertainty in the
reliability model. Without these discoveries, rblidy predictions would not have been too pessiimito allow
Orbiter flight.

3. Orbiter Stress Ratio Model
Interpretation of SNO11 vs SN002Q burst strertjttasid delta volumes had a large influence on deteéngi
stress ratios for remaining 40-inch tanks in tleetfl as shown in Figure 5.

Factors that went into a model for the stress rftioeach OMS or MPS COPV in the fleet, stemmeanfro
various scenarios and hypotheses regarding the aneet state of each vessel (particularly theitalgblumes),
and the mechanical state and behavior
(including delta volumes) of the twc  °7f ! ! ; g g ; ]
COPVs that had been burst teste  058| gy o ai00mare comoctes) s"”” S
SN002-Q (data from original burst test i 0.66| SN002-Q predicted burst ;ﬁpon%d:ngs;r:t?;s?;ims i e
1978) and SNO11 (data from highl strength based on SNOT1 ‘ ; ; ’ | |
instrumented WSTF cycle and burst te _ *®[[2] ssospsi i
in 2006). Three models were considere T 9821 [2] ssrapst o
Models 2, 3 and 4, (where Model 1 we % os|:[3] stsgpsi - - i
the base model using only operatin z .1 [4]sosspsi ¢
pressure and burst strength of SN002- f
but discarded after the burst test ¢  OS8p#=—r"""" TSLF modal2 T
SNO11). 0541 : : :

The stress ratio formulas, particularl ;5[
Model 2, variously incorporated: (i) large e

Pl L L L | - PR | L L Al L L L | - L L | - L L | I L L
. . . . . 180 200 220 240 260 280 300 320 340
gradients in fiber tensile stress that exi Detta volume, in?

through the overwrap thickness and resirigyre 5. Orbiter Stress Ratio Model. Stress raticas a finction of Delta
from high permanent or delta volumwolume, or Volume Growth during autofrettage. Four candidate model
growth from void compaction during thewere shown. The Program selected the less conseive Model 4.

original proof test, and (ii) overwrap

stiffness loss that becomes apparent after mansspre cycles following the original proof test may not be
immediately revealed as permanent volume growtinénproof test itself. This stiffness loss maydue to some
combination of fiber damage during original proofddong term fiber creep effects, but the former found to
dominate. The stress gradient effects were treatedWeibull strength distribution framework, tocaunt for the
scale effects induced by intensifying the high ifibieess over a smaller volume of fiber adjacerh#oliner. Using
the new formulas for SR various case studies wendopmed covering various damage and volume growth
scenarios for OMS type vessels remaining in thetighileet.

The simplest model of the three (Models 2,3, arid Bigure 5), was used by the COPV team for Réditgbi
predictions. It used the low burst strength of $NQ7667 psi) and its high delta volume (about B8 together
with the burst strength of SN002-Q (8010 psi) aisdidwer delta volume (256 Into determine, through delta
volume scaling, the burst strength and nominalrfiieess ratio for each vessel in the fleet, stheespecific delta
volume for each one could be calculated from ptesf records.

Model 2 was used for the accelerated stress rupgstediscussed shortly, and took into account mhsens of
potential stiffness loss and damage to SNO11 seeSTF cycle testing as well as gradient effectsuph the
overwrap thickness, that led to discounting the st strength of SNO11 as an anomaly, highlykehfiin other
vessels whose proof records showed no such efféots than relatively high delta volumes.

Stress ratio

B STF mode 3 Q=T (T

4. Calculating and Predicting Effective Time at Pragsu
A method had to be developed to calculate the @¥fetime, ¢/, at standard temperaturg. s, and maximum

operating pressur@,,,,, relative to the clock time at actual temperataume pressure:
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lefr = f( (1)

Pmop Pmop

wherep, is a reference pressure at zero degrees Ketyig, is maximum operating pressures is reference
temperature (300 degrees Kelvify, is actual opeating temperature, qiglis actual operating pressure gmg is
the power-law exponent for lifetime vs. pressurdarreference temperature conditionsFrom this relation, it is
noted that excursions to high temperatures indusigrdficant penalty on effective time. By applgithe integral
form of this relation to the time, temperature,gstge profile during a mission cycle, from loadthgough launch
and landing, it is possible to calculate the effectime that had accrued during a single flight.

In a typical flight cycle, the tanks would increggessure during loading, but would also increagemperature
due to thermodynamic effects. The tanks wouldoagléd a few days before launch and stay pressunzegveral
days until launch. Often times there would be smvéaunch delays due to weather conditions or rieeth
conditions with other Shuttle subsystems. Durihg ascent phase, the SSMEs would fire during ttet &.5
minutes of flights. The bulk of the mission’s MP8lium consumption would occur during this ascefthe
pressures would decrease appreciably such thag¢guést risk to this failure mode was neglible. iBgithe ascent
phase, the OMS would also perform a thruster firidgthough small compared to the overall OMS epdinings
throughout the mission, the helium tank level wofalldl sufficiently to reduce the pressures such tubsequently
COPV risk would be very small.

Calculating the exact effective time after the moissmight be of general interest, but merely andada
exercise with respect to calculating the risk affter mission took place. In order to assess #iehefore the flight,
it was necessary to preduct ahead of time whagfileetive time would be for a mission cycle. Hrital data was
useful in estimating the loading profiles that wbide realized, even after the improvements wereemadhe
Shuttle operational procedures. It was noted tperational changes reduced accumulated effedtive tand
hence risk) by a factor of 2.5.

One key factor was to estimate launch delays thghtmextend the number of days the Orbiter tankyext
pressurized prior to launch. OPO decided to camy days margin for launch delays. It was noteat th the
history of the program, the average number of degs closer to 5. However, this average was claserfor the
RTF flights, postColumbia For the last 20 flights of the Shuttle Prograhese estimates proved conservative.
95% of the projections for predicted effective timere below the values realized (often as much(®)5the
remaining 5% of the projections which exceed thgdts did so by 3-10%.

Changes in the Space Shuttle Program flight manifls® impacted the COPV risk. There is a diffénésk
attributed to each Orbiter; changing the numbeflights per vehicle (while keeping the total numlugrflights
constant) affected the overall risk. For the HebBervicing Mission (STS-123\tlantis), special preparations had
to be taken to enable a Launch on Need (LON). &&zthis mission did not reach the InternationacgpStation,
a LON needed to be available within seve Life of Program Reliability Estimate |
days or consumables oktlantis would run it e L eReR 082007 | I
out before the rescue vehicle arrived. 1 ————" T —FTT3 =Jrfhin
support this contingency launch requiremel U 2 dighss 7 dights
the Orbiter COPVs on the rescue vehic ™" ' [7 7 Tl

Lite i Prejrise

needed to be pressurized prior to the laun ot Lapes LBy ey

. . i) ] wifdy e
of STS-125, essentially placing an extra cyc S R R
and accruing effective time of one flight o woss  wows | Gmow owosn KL RO |- ool 1
the backup vehicle COPVs. The last minu e e | Y
postponement of the STS-125 flight resulte “.— == == i v S —— /
in STS-127 Endeavou)r msteao_l of STS-119 . ;  THEN s et A4 P 13 250
(Discovery serving as the contingency resct i asssoe 1 ness el ALLAN G Laod)
vehicle.  The flight risk was trackec Mon =~ aser 176 It s

- Deed i E2ls OG9% 030 |-F5E38 Dot 3 LT

throughout the Space Shuttle Program a

; » (05 truck w'm 0200 RPD3 iy fhe civer for OV b0 relisbiliy smbers. | 10ta st pBabilig for each
updated to account for these types Of manlf‘ I'Il;;;":- L'l.'\:':r. ul?at:;ﬁ -I_.:::I.\—.ncl !'_':t.-lJ.‘ R::jl ';,':I:lﬁ':-!!': ::::‘_m;:g'. ::::"'::\I'.:;“
Changes_ ® 3PS bk o= 020 10 OVE LS 1 2 Lacge cotbnbeebor bo releabalily ausbon thegaiph th 2o of (he Frogram

Figure 6. Reliability Calculations. Presented at e Space Shute
5. Released Reliability Model Program Requirements Control Board on October 18, @07, the
y

A graphical user interface (GUI) modeOrbiter Team presented the reliability per flight, per Orbiter Vehicle
developed in Matlab was released f@and for the life of the program. Discovery (OV-103), Atlantis (OV-
calculating the reliability. This tool Wa5104) and Endeavour (OV-105) reliability numbers are presentec

separately; the cumulative risk is on the right hanl side of this chart.
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configured for each Orbiter vehicle and was used\aluate various Shuttle flight configurations aspkcial
conditions. The tool was available for use by $pace Shuttle Community. Standard configuratiamagement
practices were maintained so that restlts wereotkmible and interested parties could independeriyew
assumptions and parameter inputs.

6. Evaluating Reliability

The Orbiter engineering team was tasked to quattidyflight risk through the end of the programheTmodel
accounted for the update Kevlar database, the peatdee stress ratio model and historical loadiagadto predict
future accumulated time.

For a given a Orbiter mission, three separate biiitia numbers were generated. The Point is tHelidity
prediction calculation based on the best-estimasddes for key parameters. To account for unagstan Monte
Carlo Simulation was performed with key parametarslomized with a log-normal distribution, tiedth® amount
of data in the data base used in their estimatibhe Mean and the 95% Confidence Limit was caleddtom
these simulations.

The Orbiter Engineering Team calculated the risk tlie remainder of the program; the sumnary of the
calculations that were presented to the Spacel8hRitbgram Requirements Control Board on Octobel@87 are
shown in Figure 6. In the Purple Box, the perHigeliability numbers for each Orbiter vehicle atewn, for the
standard load (with the reduced OMS helium loading) with the full load (without the off-load). 8ad on the
flight manifest at that time, for the number ofgfits scheduled for each Orbiter vehicle, the nusibetow the
purple box are the risk per vehicle. The totdl ts the Space Shuttle Program which is the prodtithe risk for
the three Orbiters, is on the right hand side efdiide, circled in red.

A few interesting points should be noted. Aftee tivo MPS vessels were removed fréhantis that Orbiter
vehicle went from having the lowest reliability tbe highest reliability. The remaining risk to tleet was
primarily borne by three tanks; one OMS tankiscoveryand one OMS and on MPS tankBndeavour

The risk to each flight was considered as an indéget event. For two subsequent flights on theesaahicle,
extending the time on the first flight did affebetrisk of the subsequent risk, the difference megglible compared
to the significant relative to the precision of tiealysis.

For the Space Shuttle Program, the Orbiter Teamdbask decisions on the Mean reliability. The eliéfnce
between the Point and the Mean estimates providedyato evaluate uncertainty in the risk determorat The
95% Confidence Limit was carried at the requestenferal individuals who preferred to assess rigkah manner.

7. Adding Model Confidence through Test

Flight certification is dependent on the relialilitnalysis to quantify the risk of stress ruptwaitufe in existing
flight vessels. Full certification of this relialtyyf model would require a statistically significamimber of lifetime
tests to be performed and is impractical givenciwt and limited flight hardware for certificatitesting purposes.
One approach to confirm the reliability model isperform a stress rupture test on a flight CGPV

Since an extensive and fairly consistent data bssavailable on both ambient and elevated temperatu
performance of Kevlar49®/epoxy materials and sttt vessels, the test was also accelerated inaynaefactor of
about 40 (under the pessimistic parameter assung)tiosing a higher steady temperature than ocouservice
(though not higher than has typically occurredtie past during the pressurization phase) but atrtieimum
operating pressure used in service. This strategy designed to provide the necessary test infoomati a few
months rather than the 200,000 hours (28.5 yehasvitould be required under standard service comdit In fact,
two temperature levels were selected to be rurequence: the first at 130° F was to be applied timé time
corresponding to mean reliability of 0.9986 waschesl under the most pessimistic stress ratio antdwéfetime
parameter values. At that point the temperaturetwd® increased to 160° F and the test continméititbe vessel
either fails in stress rupture or survives a pitetige at which a third stress level would be comitated.

lll.  Additional Investigations
Unti the end of the Shuttle Program, the COPV Eegliing Team was regularly tasked to perform analyse

A. Accelerated Stress Rupture Test-Bayes Analysis

Full certification of the Orbiter reliability modelould have required a statistically significantnther of
lifetime tests to be performed and was impractigaén the cost and limited flight hardware for daration testing
purposes. The Space Shuttle Program was limitgetiorming a single test on a flown vessel, SN-@Gh was
removed fromAtlantis The Bayes Analysisvas performed to establish a criterion by whicé single data point
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would show increased confidence in the developédhiity model. Mathematically, how long wouldelsingle
test vessel need to survive in which the model stasvn to be valid? How long would the single testsel need to
survive to show that the model had significant eownatism?

Because the vessel far exceeded the lifetime etstimih was universally accepted that there wasewmatism in
the model. However, had the vessel failed eahii, &analysis would have been critical to propexgleating the
impact on the reliability model calculations.

B. Raman Spectroscopy

Instead of determining fiber stress ratio from ttedta volume during the original manufacturing @es, a
Raman Spectroscopy technique was proposed as @DNsmuctive Evaluation technicie Raman Spectroscopy
technique for measuring certain patterns of fluitunain fiber elastic strains over the outside ebssirface (where
all but one wrap is exposed at certain locatioha} aire shown to directly correlate to increasbdrfistress ratios
and reduced reliability.

This technique was carried as a backup in the ethatthe Accelerated Stress Rupture Test had ifeeht
further work was needed.

C. Liner Buckling

Routine boroscopic inspection of the interior of@miter COPV tank identified anamolous local degiens or
valleys (indentations towards the center ) in ttatum liner, these markings were presumed to lzgyeeared after
proof testing. The question was raised as to vendtiese indications increased the potential fagrlibuckling or
were merely a cosmetic consequence of manufactwioge impact on vessel integrity was inconseqaknti

The analysis of the problem was to presume a deipresf a prescribed magnitude and then detmefisiech a
depression could lead to liner buckling. For tBé @rbiter COPV, a criterion of 40 mil depressiamas established
as the critical depth at which buckling might depe The measured magnitudes on the interior @Qhbiter tanks
were less than 20 mil, and the Orbiter fleet wamexated from this failure mode.

D. Addition Reliability Calculations

Throughout the investigation and until the endha& Space Shuttle Program, the Orbiter Team wagdatk
perform special analyses for flight activities. édaxample of the special analysis was for the S3gthunch.

STS-134The COPV helium tanks were filled (on April 21012) in preparation for the STS-134 Launch with a
targeted launch date No Earlier Than (NET) Apri| 2011. The tanks were loaded early as to notfere with
employees observing the Easter holiday. Due tdthellary Power Unit (APU) anomaly and Range riesions at
Cape Canaveral, the next launch opportunity was Ny 8, 2011. Actual launch could have been furttedayed
due to troubleshooting and resolution of the APdraaly. The COPV team was tasked to determine wehéth
would make sense, from a safety perspective, toedsgihe COPV tanks on the vehicle in order tocedhe risk of
catastrophic stress rupture.

Comprehensive calculations using the Orbiter madede performed to quantify the risk of depressing a
repressing the flight tanks and comparing the tésleaving the tanks pressurized. The calculatghmved that for
the OMS tank, a depress/repress would not redskeuriless there were at least a 10 day period glwvhich the
OMS helium tanks will be at a reduced pressurevak noted that the critical issue was when thecleekvould be
prepared for the next launch attempt and not whenaictual launch would take place. A depress/repoéshe
MPS helium tanks was not warranted for any readerddiay in the launch manifest.

IV. Beyond Shuttle

There were a great man lessons learned from thete®DrEOPV investigation. With regards to tank
procurement, it is essential that COPV designeterstand the complete system and not simply foousieeting
one requirement, such as burst pressure. It wagynized that designers should design to the safatyfication
requirements and then scale appropriately for f@aslameters, such as tank volume and weight. Trigngdd
safety certifications considerations after the CO®Wptimized to tank parameters is nearly impdssiind can lead
to catastrophic consequences.

The NASA COPV community has taken the safety apgrdeom Shuttle and applied them to requirements fo
new NASA missions, including the International Spa8tation, Commercial Cargo and Crew, and unmanned
scientific missions. NASA COPV engineers who warkbese programs have also actively contributedlfoA
and 1SO standards relating to COPV for which indusses for the design and procurement of spaceelses
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V. Conclusion

For the Space Shuttle Program, a comprehensivstigegion into the reliability of the Kevlar COP¥tks were
undertaken. Although many Program Managers andngags felt that stress rupture of Kevlar fiber waxt
credible, the flight rationale was based on soumgireering data and judgement. The Orbiter Engingel eam,
after recognizing that tank procurement and replecd was not possible, developed a comprehensiiabitity
model to quanitify the likelihood of occurance. elArogram implemented changes to the operatiopakpures to
reduce the risk without adversely affecting missiapability. Lessons learned from this investigatiave affected
subsequent NASA programs and benefitted the spaleestry overall.
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