Volume V

Appendix G.4

Group 1 Matrix Brief

This Appendix contains a working matrix of slides on maintenance, material, and management. These slides were used by
Group I in tasking NASA to respond to requests for information or specific issues. Each matrix subject addresses an action/
issue, background/facts, findings, recommendations and source documentation. By using this tool, Group I was able to engage
NASA on potential final report inclusions.
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ET - Foam ET - Foam
Design - Certification Design — Certification

Action [ Issue: Redesign of Bipod Fitting Enclosure
Background / Facts:
— Complex bipod attachment designed to be structurally optimal
= TPS materials (incl. foam ramp) were incorporated into the design

« Findings:

.

- Biped fitting enclosure redesign efforts are already underway
- Effort was initiated after loss bipod ramp foam on STS-112

i ol — Lessons learned indicate use of SLA is not necessary
following structural optimization T ——
— Foam & SLA must be applied to a complex geometry '_VA” eli:r%inmz SEA
= Combination o complex geometry and variable foam spraying = Two minimize size of sprayed-on foam ramp with metal (Ti) fitting
techniques make current bipod foam ramp fabrication difficult + One ses a bare metal (i) fitting
*Only6 spray operstors are trained for foam appiication In this area + Two use an Inconel housing to protect the metal fitting
- Expod :Oam;rgg s bfer: ;ed_eS'g"ed h:”ce 'T “")as: 5 : — Leading candidate (2a) is a bare metal fitting with no foam
— Foam from bipod ramp lost during ascent on at least 7 occasions: - Drafrainary Desian Reviewschedolod for1 7:10- Juri0a
+ STS-7 (ET-6), STS-32 (ET-32R), STS-60 (ET-50), STS-52 (ET-55), & ‘t" : D'Y_ ég : "'lw o ”~15 e ”
STS-62 (ET-62), STS-112 (ET-115), STS-107 (ET-93) = Ltical Design. teview planned for uly
T T [ o [ e T [ 2002 TR
ET - Foam ET - Foam
Design — Certification Design - Certification
NS commendiiins: Bipod Configuration Overview

— NASA efforts to redesign the biped fitting enclosure must continue.

+ Redesign efforts must include testing and analyses that account for the
complex combination of aerodynamic loads, structural loads,
aerodynamic heating, cryogenic backface temperatures, and changes in
atmospheric pressure.

— Tests and analyses must be sufficient to ensure that the loss of foam
or hardware from this region will not happen in the future.

— The redesign of the bipod fitting enclosure will be a Return-To-Flight
requirement.

— If foam is still required on bipod fitting:

+ Tighten acceptable temperature & humidity spray envelope

+ Standamize operator techniques

+ Consider use of robotics to fabricate bipod ramp

+ Develop and validate NDE techniques to check for defects

Bipod 7

LH2 Tank Foam
Intersection

[Prosemie ™ Mamtatorial [0 FiNAL [5% 5oz [ [Presemie Mairatorial  [P% FINAL Se otz FERER)

Taunch Toimen ]
ET 57§ Date ET STS Date
ET - Foam B e ET - Foam S
H H H 5 5 11182 H H H B 8 53083
Design — Certification || == Design - Certification -0
e s = ) [ s g g 14 | s | teems
Historical Bipod Ramp Changes -1 [T T 5 [am Historical Bipod Ramp Changes - 2 [ [suey | s
: 13 | 41Dure) | sooms 50 | 0 | eeem
Bipod Area Configuration KSC Chosoowt frvad 0| s | sme Biwod Atea Configuration s | wses
of A%t Face a:‘ts 85 BTET
o - ET 1500y SC Claseoul 30 Wax Roew g
45" Rap A S ET S sl A Imolerocniod
(€7 8 =
B End Fitting Cicsaoul
g * ET.7 Prachecion not compiated Modfied st ET-13 _ J
e S i
: Cluagoul Conliguraliv Changes
- Intertank Foam at Bipod «PDL closeout under the clevis replaced the BX-250 cioseout
+ Forward face angle of 45 - 5 ET14.8 aver the end fitting - KSC produclion flow enhancement
* Edge straight into Intertank foam > e CrR-458 = Revised tamp impingemant angle fo 30° max with &
+ Daveiopment Flight Instrumentation (DF1; box and g W, SLA 5.0 5 1 inch 1adius a1 forward edge
ST ety e
r - . 1 e &t
* intedtank foam configuralion in area of bipod revised at ET-9 CPR-4E8 « Added restrictions 10 the allowable repair area
+ Detboris produced by -Y Biped on ET-6 (8T5-7) 2 hem = Intestank foam configuration revised a: ET-51 1o eliminate.
* Aftributed 10 rework on forward ramp of clossout Bx-2% the wochem / CPR-488 bond ine.
* Assessed repair critena ? i, Z ~ Foam ioss during fight atiriouled 1o locakized debornds
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Taunen
ET 575 Date
ET = Foam 76 [ P ET = Foam
Design — Certification [= = == Design — Certification
2 z - "] s | wiee
Historical Bipod Ramp Changes -3 [ = [awm Considerations for All Bipod Fitting Enclosure Redesigns
el 107 11603
Bipod A ation . oum
rea Configur: o - : T:‘D ::e "-‘il;* M"T,‘;‘.:,: Faung.
Aump Atersoction /
Chasged al ET-78 - s
s | .
é' P xawﬁ.@ T
LN - + Remove connector (eliminste
chomrout < ) e
‘spbce in heater(s), bond wires
o tnk
Lloseout Confiquration Changes.
" Forward ramp edge penmitied to lerminate straight into HOF1 28124
Intertank acreage foam Sprwy
» 0.25" siap allowed for forward ramp lermination
+ implemented NCFI 24-124 on Intertank side wal at ET-58
+ inletank foan machined at ET 91, 93, 54.96 & up R —— oA
s Machined
- + Elminato Aniator + Foam in Triting end
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REDESIGN OPTIONS

&
CHALLENGES

RO Leading Candidate
Option 3 ~ Fairing attach Option 3a - Verification of
plate under fitting adds multiple strip heaters under
complexity cover/fitting modifications.

[Prosenter ™ pyanmaterial [0 FINAL

ET - Foam
Design - Certification

Heater Solution for Option 2a

"1+ Main Drawback to
Qriginal Option 2a
— No capability to
replace heater strip
(beneath fitting) on
pad in case of strip
failure
+ Solution
~ Use redundant &
replaceable rod
heaters in copper
plate beneath
fitting

/ \ cmmmwwuum

Copper $heet with Integral Heater Pads
[P anatarial  [Pm FINAL [ 0otz e

ET - Foam
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Bipod Ramp Redesign Schedule
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Documentation:

ET - Foam
Design — Certification

“Bipod Ramp Area Design & Analysis,” provided to CAIB, 3 Mar 03

“Bipod Foam Redesign Update,” PRCB Review, 26 Mar 03

“Canstruction of Biped Attach Area and Bipod Ramp,” Pressnted at the Michoud
Assembly Facility, 13 Mar 03

S. Sparks and L. Foster, "ET Cryoinsulation,” CAIB Public Hearing, 7 April 03

“ET Bipod Closeout Redesign System Design Review,” @ MAF, 17 Apr 03
Personal Gommunication with 8. Halmes & N. Otte, Marshall Space Flight Center, 1
April 03

“ET Bipod Aerc Ramp Foam Verification/Certification,” presented by M. Quiggle,
Michoud Assembly Facility, 10 April 03

Discussion with M. Quiggle, J. Pilet, R. Steinbach, Michoud Assembly Facility, 15 May
03

“1.1.1 TPS Debris Fault Tree Closeout Briefing,” S. Sparks at MSFC, 20 May 03
“External Tank Foam Loss,” RFI B1-000039

Personal Correspondence with S. Holmes (MSFC), 5 may 03

“Bipod Foam Redesign Updats,” Presented to the Problem Resolution Control Board,
26 Mar 03

“Bipod Foam Redesign Updats,” Presented to the Problem Resolution Cantrol Board, 8
May 03 [Prossie — paimiatonial [0 FINAL [5We 1201 12
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Action / Issue: Geometry of the LH2-IT flange could
contribute to foam loss

* Background / Facts:

— LH2-IT geometry provides several paths where LN2 can
possibly get into the flange area

— Solid N2 to GN2 state transitions could possibly contribute
to foam loss

— A"Y” joint is formed where the LH2-IT connection is made
provide a reservoir where LN2 can collect

Prosenis i3 Malarial Dale  FINAL
e

= ol

ET - Foam
Design — Certification

« Findings:

— Bolt holes, shim gaps and stringer venting could provide a

path for LN2 to get behind the foam in the flange closeout
area

— During ascent, stresses in flange area change between
tension and compression

+ LN2 path back to the IT could possibly be sealed leading to foam
being “popped” off

— Foam loss from the LH2-IT flange region has been observed
on ~70% of missions where imagery was available

Prasente  \jaMaterial

O3ts FINAL Sk pofg m

ET - Foam
Design — Certification

» Recommendations:

— NASA must understand the relationship between the complex
LH2-IT flange geometry and the high rate of foam loss from this
region

+ Current testing efforts at MSFC and MAF should continue

— NASA should use knowledge gained from testing and analysis
of the current LH2-IT flange geometry to redesign this area
- Redesign efforts should include, but not be limited to,
considerations of:

— minimizing the ability for nitrogen to come in contact with foam or
SLA

- replacing the existing intertank nitrogen purge with a helium purge

— structural changes that eliminate or reduce all vent paths in the
flange region

Prosontr {3 Material
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ET - Foam
Design — Certification

LN2 Collection Areas
N,

Prossnler g3 Material Date  FINAL

e )

ET - Foam
Design - Certification

LH2-IT Geome

Stringer
BX-250
Foam Ramp

“Y"* Joint

LH2-IT Flange ;

LH2 Tank/

T

Bipod Fitting

FINAL [Sis 4 ota -

ET - Foam
Design — Certification

Stringer Vent Hole
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« Documentation:

~ hitp:/Awww lockheedmartin.com/michoud/et/description.htm

- “Use of Shims in ET Flanges,” presented at Michoud Assembly
Facility, 10 Mar 03

— History of External Tank Foam Loss,” RFI B0-000026

— Personal communication with Mike Javery, Lockheed Martin,
Michoud Assembly Facility, 17 Apr 03

— “ET Bipod Ramp and Flange Dissection Qut Briefing,” presented at
Michoud Assembly Facility, 15 May 03

Stringer Vent Path
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Action / Issue:
— Stringer valley cracks have been documented as occurring on
super lightweights more frequently than on other tanks
Background / Facts:
— Cracks in the valleys between stingers (external stiffening

elements) on the intertank have been observed on several
missions on all types of tanks

+ Standard weight [eg. ET-6]
+ Lightweight [eg. ET-29 & ET-35]
« SLWT
— However, the occurrence of these cracks have been
identified more often beginning with the first SLWT, ET-96,
launched with mission STS-91 in June 1998

[Preseeree " yaniatorial | % FINAL
— —
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ET - Foam
Design — Certification

= " Findings:

- Subsequent to the change to super lightweight tanks, final
inspection teams started seeing cracks in the intertank stringer
valleys more frequently than on lightweight or standard tanks

+ Itis believed these cracks form during tanking as a form of stress
relief as the aluminum ET cools and contracts

— Hypothesis: thinner, machined foam in these areas (part of the super
lightwseight design) is mere susceptible to cracking

+ Ice/Debris Team inspection & documentation procedures have not
changed with respect to stringer valley cracks

+ Cracks are more difficult to spot in machined foam

+ Thus, so the sudden increase in the numbers of cracks observed with
the advent of the SLWT appeas to be real.

— A comprehensive review of historical records has not been
performed

+ However a quick data search shows that these cracks were rarely

recorded prior to the SLWT inception

— These cracks, if undemeath the bipod ramp, could provide a
possible reservoir for LN2
T n

e T

ET - Foam
Design — Certification

Recommendations:
— NASA should continue tests currently underway at MSFC and
MAF to understand cryopumping and cryoingestion
*+ The tests involving full-scale mock-ups of the LH2-IT should be
monitored for the presence of stringer valley cracks
— NASA should plan to continue additional analysis and testing on
the SLWT configuration to understand the cause of these cracks,
their effects, and ways to prevent them from occurring
+ If these cracks are found to be detrimental, NASA should take
steps to prevent them

e T
CL

= ]

ET - Foam
Design — Certification

Inter-Tank Stringer Valey Cracls

#of Gracks

; A
2 :

STS# \
STS-91: First Super Lightweight Tank

i T iy ons-
=

ET - Foam
Design — Certification

STS-113 Inter-tank Stringer Vafley Cricks

i
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ET - Foam
Design — Certification

Documentation:

— “Lessons Learned: From Space Shuttle External Tank
Development — A Technical History of the External Tank”, Octaber
30, 2002

— Final Inspection Intertank Cracks Request for Information, RFI
#B1-000134

— Discussions with Armando Oliu, 24 March 2003
— Discussions at Michoud Assembly Facility, 02 April 2003

— Personal Communication, J. Feeley, Michoud Assembly Facility,
12 Jun 03,

— E-mail, M. Quiggle, Michoud Assembly Facility, 19-23 Jun 03.

Prosscie M3Material | 0N FINAL
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ET — Foam
Production

= Action/lIssue:
Concerns exist about changes to blowing agents used in ET foams
and their influence on foam properties
« Background / Facts:
— 1978: US bans CFCs in aerosol sprays
— 1988: US Senate approves Montreal Protocol
— 1988: Martin Marietta initiates activities to screen CFC alternates
— 1990: Clean Air Act Amendment rules phase-out of CFCs by 2000
— 1991: Martin Marietta selects best CFC alternative (HCFC 141b)
1993: CFC 11 manufacture discentinued
NASA chooses not to pursue “Essential Use Exemption” for
production of CFC 11 after remaining stockpile exhausted
1995: 88 1171 (HCFC 141b) chosen to replace BX 250 (CFC 11)
CFC 11 stock secured by Martin Marietta to continue
BX 250 production

[Prosemner ™ yammaterial O™ FINAL [sse 1 o7 u

ET - Foam
Production

« Background / Facts: {cont.)
- 1998: Problems with SS 1171 force continued use of BX 250
- 2001: BX 265 (HCFC 141b) chosen to replace BX 250 (CFC 11)
- 2002: BX 265 implemented on ET-117 (MAF) & ET-116 (KSC)
— 2003: EPA phase-out of HCFC 141b production takes effect

Waiver for continued HCFC 141b production approved for NASA

Findings:

Thousands of tests conducted to develop & qualify each ET foam

— Change in blowing agents for acreage foam (from CPR 488 to
NCFI 24-124) caused “popcorning” earlier in ascent profile
« Popcorning = small pieces lost from thrust panels
- Popcoming earlier in ascent results in debris with higher energy
= Early popcarning first observed on STS-84/ET-85
+ Resulted in extensive tile damage on STS-87/ET-89

[Prosemee ™ pamraterial [P FinaL [ sie 7ur?m

ET - Foam
Production

= Findings: {cont.)
— First attempt to change blowing agents for closeout foam (from BX
250 to SF-1171) failed due to production issues
+ Second change attempt (from BX 250 to BX 265)successful;
first flown on STS-113 with ET-116
* Recommendations:

— NASA should transition to a new blowing agent only if
performance improvements in the foam can be achieved (e.g.,
greater stability — less shedding)

— Foam blowing agent requirements should be reviewed to verify
they are sufficient and specify the correct properties & attributes

— NASA should continue complete and thorough testing of foam
blowing agents to understand flight implications and minimize risks

Prosenisr  p3Material | D2* FINAL ey 30[7_

New foams (w/IHCFC 141h) meet all requirements
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{Location / Foam

CPR-488 (CFC-11}

NCF124-124 (HCFC 141h)

|Closeout Faams
BX-250 (CFC-11)

BX-265 (HCFC 141b)

$S-1171 (HCFC 141b}

PDL (CFC-11 {HCFC 141b)

(Blowing Agent shown in parentheses)
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+ Documentation:

- NASA's “Petition for Space Shuttle Program HCFC 141B Exemption
Allowance,” 4 Feb 03
"Blowing Agent Info — Splinter Meeting,” presented @ MAF, 13 Mar 03
CAIB Request for Information, “CAIB Cryoinsulation Report,” B1-000121, 27
Mar 03
- “Foam Blowing Agent” presented @ MAF 2 Apr 03
- Public Hearing, “ET Cryoinsulation Report,” 7 Apr 03

Prosecis’  p)3daterial | O FINAL £ 70[7-
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Action [ Issue:

— Manual spraying operations of complex and closeout areas are not
sufficiently controlled

Background | Facts:

— Operators must be qualified to hand spray foam

— Each spraying operation is unique and is operator dependent

- Control of spraying variables has been limited except in the flange
closeout area

= Special techniques with limited qualified operators are now
used due to prior preblems in the flange closeout area

- Spraying operations can be either one or two people depending on
the operator's preference

- Complex shapes and access to the area being sprayed makes
these operations even more difficult to control

ET - Foam
Production

Findings:

- Dissection of various bipod and flange closeout areas has
revealed that defects are intreduced during the spraying operation

— Defects tend to occur in complex geometry regions or where there
is limited access for operators during the spray evolution

— Defects are random and unpredictable

— There have been limited attempts to control spraying variables
except in the flange closeout area

— Summary: complexity of areas to be sprayed + variability in
operator techniques = a unique product with insufficient/unknown
foam quality

[Prssmse ™ yanatorial 0% FINAL [swe 1of8- Prasenis y3aterial ] %% FINAL ks Zors-
ET - Foam ET - Foam
Production Production

Recommendations:
— Efforts should be made to try and standardize (control) the hand
spraying process as much as possible
+ If automated processes can be put in place to spray these
areas, such as is currently done on the acreage foam, every
effort should be made to make that transition
* In areas where hand spraying must continue, operators should
be qualified to spray all complex geometries

— There should be no foam application processes requiring less than
two people

sl gMaterial | P FINAL
e

=

Voids located in complex
geometry areas
[Prosste ™ panatorial [ 0o  FINAL
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ET — Foam
Production

o

Complex spray areas around bipod fixture

[Prosertr " yyaaterial 0% FINAL [F 5o o

ET — Foam
Production

Documentation:

— Personal observations at Michoud Assembly Facility (MAF),
February — May 2003

— Discussions with Lockheed Martin personnel, MAF, February
to May 2003

— Discussion with Marshall Space Flight Center/MAF
personnel, 02 April 2003

— ET Shedding — Composite Request for Information, RFI #B0-
000026

— ET-120 Dissection Outbrief, 10 April 2003

Prosenter — p3aterial | D00 FINAL
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* Action/lIssue:

— Process controls (especially those for temperature and
humidity) may be insufficient to permit consistently high
quality foam application.

* Background / Facts:

— Spraying operations must be within required
environmental conditions

— Boundaries of the environmental conditions are
considered to be conservative to guarantee proper
foam performance

— Plug pulls are performed subsequent to spraying
operations to verify proper material bonding and

strength
[Presemmsr ™ pamtatorial [ O*t*  FiNAL T “

ET — Foam
Production

* Findings:
— Most spraying operations occur at or near the outer
acceptable boundaries of the processing envelope
— Large variability in the response of the foam based on
inherent randomness of foam cell structure
— Plug pulls, as a single indicator, might not be suficient
to verify the foam’s bonding and strength properties

Presenie \3iblatorial | 0% FINAL Sids zmau

ET - Foam
Production

* Recommendations:

— Foam loss history should be looked at for correlation to processing
environments and plug pull values

— The processing envelope should be revalidated and attempts
should be made to try and perform spraying operations more
towards the center of the defined envelopes vice at the outer
edges

— Plug pull requirements should also be revalidated and the actual
usefulness of these tests to determine overall foam application
worthiness should be questioned

» Localzed plug values might not be telling the story for the whole tank

Preseate  Mamaterial | P FINAL
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Recent TPS Processing Data
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Recent TPS Processing Data

ET # va Bipod Plug Pull
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Pl pufs ars et tahes from s bipod rarre sl 4

Plug Pull (pei)
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Significant scatter — is this a useful test?
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= Documentation:

— CAIB Public Hearing — ET Cryoinsulation, Lee Foster
and Scotty Sparks, 07 April 2003

— Discussions with Michoud Assembly Facility personnel,
February 2003
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Action / Issue: No validated NDE techniques are available to identify
subsurface damage within ET foam during or after production

Background / Facts:
— Extensive NDE is performed on welded aluminum sections of ET
— No NDE performed on ET thermal protection system (TPS) except:
+ Visual checks during and after production
+ Eddy cument checks for thickness
+ Preflight ice/debris inspections
+ Plug puls & witness panek (destructive tests)
— Previous efforts at MAF (1986-83) were unsuccessful in identifying
NDE technologies that could be readily implemented
— Boeing has had success using laser shearography on acreage
foam of Delta-1V boosters, but
+ Geometry is much less complex than that of ET
+ Inspection requirement is for larger defects

[Pressis uazimaterial [ P%  FINAL
—_

e

ET - Foam
Production

« Findings:
— Previous tests of laser shearography on flat foam panels indicated
the technique had promise as a potential NDE technique for foam
+ Some promise also seen on flat panels with intertank geometry
+ Additional work is requiredto develop technique far production
— Production checks for foam quality are:
« Visual -or-
+ Require destructive testing (plug pulls) -or-
+ Test representative foam sample rather than foam actually applied to
tank (‘witness panek”)
— Dissections of bipod foam ramps on ET-94, ET-120, and ET-124
revealed that production defects in foam are common
+ Laser Shearography and X-ray NDE indications provided minimal
correlation with physical observations
[3  2ar13 -
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ET — Foam
Production

Findings: (cont.)
— MAF and MSFC are actively pursuing development of an NDE
technique to use on hand-sprayed closeouts
+ Candidate techniques include: X-ray (radiography), backscatter X-ray,
shearography, microwave, and terahertz
+ Experts in field among are in Working Group All post-build & KSC
processing inspections of the ET are visual
+ No NDE is used to confim or size regions needing repair
+ Visual examination relies on experienced personnel
— Especially the Ice/Debris Team & KSC
- LTI {John Newman) has estimated that 12-24 months is needed to
develop shearcgraphy scanner hardware for the ET
+ Standards and procedures would also be required in addtion to

hardware

ET — Foam
Production

+ Recommendations:

— Potential Retum to Flight Recommendation: NASA should
continue to pursue the development, validation, and
implementation of NDE techniques that can be used to interrogate
ET foam during production

— NASA should continue to pursue the development, validation, and
implementation of NDE techniques that can be used to interrogate
ET foam following production (i.e. at KSC prior to launch)

Prosenie (3 Material | %" FINAL [Presente ™ MaiMatorial |2 FINAL s 2 oo OISR
ET - Foam ET — Foam
Production

a - A

Laser shearography in use on Boeing Delta IV boosters

[Prossonee ™ parmatorial [ 2% FINAL
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Production

NDE of 9” thick foam block
revealed defects as small as 3" in
diameter

NDE of flat panels
with intertank
geometry yielded
promising results
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ET - Foam ET - Foam
Production Production

Limited correlation between
radiography and bipod foam
Forward ramp dissections

Limited correlation between
shearography and bipod foam
ramp dissections

@  shearoemphy Indications

o )
External Camage Shearography () Actul Defecss

Actyal Defect Radiography
Indication . Radiography Indication Indication {overlay)
@  shexozmphy ndications :
2

O Acwal Detecss o
@  redioghy Indication =
Note: Data taken with
Note: Data taken with limited experience base £ el
limited xperience bass. Correlative analysis may Outboard Face  femer

Correlative analysis may be premature.
be premature. [T [ E—— ) wws“ [Prowsnie ™ paMaterial ] D FINAL Side g of 13

ET - Foam ET — Foam
Production Production

Summary of MSCF/MAF NDE Efforts

Typical foam defects not detected by

laser shearography or radiography =] ‘
57 B + = initial trials complete
4
4
]
i’ v 4
a
[} [
Ll
El
- [] k]
= : = £l
Rollover/Void Excessive Porosity = 1
¥
[Prosenter ™ yizimaterial [P FINAL | Qﬂ“ Status as of 29 May 03 [F===  wamatera [P FinaL [ 00 13 -
ET - Foam ET - Foam
Maintenance Maintenance

Aft strut

Ice along
Bipod/Flange

union
{STS-107/ET-83, 16 Jan 03)

Crask
Ixdin, Ixdin.

Stringer valley cracks
(From; NSTS E303 lcaVDebrim Inspection
Crters

Unseen subsurface damage associated with visual surface defect in
flat foam panels
(Identified with laser shearography)

Froweris p3Material | O FINAL = 12ﬂ_

Defects in ET foam found by visual
examination on launch pad
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Documentation:

— NDT of Spray On Foam Insulation (SOFI1), J. Newman, Laser
Technologies Inc., 21 Feb 03

— Shearography NDE of Space Shuttle ET Spray On Foam Insulation
(SOFI), J. Newman, Laser Technologies Inc., 21 Feb 03

— NSTS-8303, Rev. A, “Ice/Debris Inspection Criteria”

— (http:/Awww-
!Iz_agr;lc‘m;ps.ksc.nasa.gov!msdinfclet.'BSO:SﬁABLE200F%2OCONTEN

— CAIB Request for Information, “SoFI NDE Team: Approach, Progress
& Plan.” B1-000150

— MMC-ET-RA13, “ET Project-Nondestructive Evauation Plan”

— MMC-ET-SE13, “ET Project-Fracture Control Requirements and
Implementation Document”

- MMC-ET-SE186, “ET Project Materials and Process Control Plan”

— E-mail, J. Newman (LTl Inc.) to J. Wolfe (CAIB), 10 June 03
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ET - Foam
Maintenance

Action / Issue: Foam crushed beneath the -Y (left side) bipod strut
clevis during pre-launch mating & demating with the bipod strut may
have contributed to the loss of the —Y bipod foam ramp from ET-93
during STS-107.
Background / Facts:
- ET-83 mated to SRBs on 8 May 02 in VAB; de-mated on 28 Aug 02
- ET-83 mated to bipod on 24 Jun 02 in VAB; de-mated on 1 Aug 02
- Operations carried out in accordance with standard procedures
— Crushed foam seen after -Y strut removal (1.5" x 1.25" x 0.187")
+ Beneath - fitting-clevis joint after bipod struts removed
- Thickness of foam in this area: 2.187"
— Exposed crushed foam not permissible; Problem Report written
- Testing was performed @ MAF and KSC (on ET-117) to determine:
+ If crushed foam on ET-93 could have caused loss of —Y bipod ramp
+ If limits specified in PR procedures were sufficient
[5  1of1z n

[Prosecms " paaterial [P FINAL

ET - Foam
Maintenance
ET-93 Processing Timeline at KSC
2000 I 2001 2002 2003

4!!]1‘[3!‘ 1 2 3 4 1
T 1

W 7o tie 057402
W £7Bipod Demate 0&U102
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+ Findings:
— Crushed foam is always present at ET bipod attach points
+ Specifically designed to be an “interference fit"
KSC engineers decided to defer action on PR. Rationale:
+ Crushed foam was contained beneath bipod strut clevis after
mating to a new set of bipod struts
+ Unexposed (i.e. contained) crushed foam is permissible
— Inspection of region after installation of bipod struts showed that
crushed foam did not extend further than 0.75” beyond bipod
fitting-clevis joint
+ Within acceptable limits
— STS-107 launched with crushed foam contained behind —Y bipod
strut clevis

ET - Foam
Maintenance

Findings: (cont.)
— Three other mate-de-mate instances occurred on shuttle program;
unknown link between mating/de-mating & foam loss

+ ET-13 used on STS-14(41D)
~ No imagery lo confirm/deny foam loss

+ ET-23 used on STS-27R
— Handheld video imagery; bipod ramps not visible, no other loss noted
- Mated & de-mated during checkout of Vandenberg AFB facilities
- Extensive tile damage due to the loss of SRB ablator during launch

« ET-80 used on STS-80
- Lost 2 divots on flange under bipod
- Lost one 10-inch diameter divot on intertank forward of Y bipod ramp

st 3iMaterial | % FINAL S 3of 12 “ [Prssrsr ™ mamvaterial o= FiNAL Slde 4 of 12 [E
ET - Foam ET - Foam
Maintenance Maintenance

+ Findings: (cont.)
— Crushed foam testing conducted at MAF & KSC (on ET-117)
+ Red dye indicated extent of damage to be limited to a maximum of
0.5" beyond region visibly crushed with aid of dye
— Within acceptable limit
— Receives little/no airflow with bipod strut installed
+ Undamaged foam thickness was over 2" on ET-117
- No iceffrost potential
+ Localized damage would have no impact on performance of ramp
+ Results indicate no contribution from crushed foam to the loss of the
bipod foam ramp on ET-93

* Recommendations:
— None

Presenier  3/Material | P FINAL

Problem Report (PR ET-93-ST-003)
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ET - Foam
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Problem Report (PR ET-93-ST-003)

Prossnsr  3Material | O FINAL
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ET - Foam
Maintenance

Problem Report (PR ET-93-ST-003)

R
® L

s e
Prsanat 3 Material | P FINAL

ET - Foam
Maintenance

Crushed Foam on ET-93
Revealed After Removal of -Y
Bipod Strut

Tw % XI :

[Proemer " pgimpaterial [o™ FINAL

crushed foam region

ET - Foam
Maintenance

Crushed Foam Region on ET-93
Contained by Installed -Y Bipod
Strut

crushed foam under bipod strut

Prsenet N3Materlal | © FINAL S 10 of 12 F
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Results of Crushed Foam
Testing on ET-117 @ KSC

Red dye excised (top)

With red dye applied
Black line indicates acceptable
— limit of crushed foam
~ 0.75" beyond edge of hardware o
+ per PR-ET-083-TS-0007 and

Red dye excised (bottom)

e
Bipod strut removed ~ TPS-ET-93-ST-003
[Fresater wisntaterial [P FINAL
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+ Documentation:
— CAIB Request for Information, “PR Retrieval — PR #V6-389216," B1-000127, 03-
24-2003
— E-mail message from Jim Feeley, Lockheed Martin, Michoud Assembly Facility, 04-
24-2003
— “Production Info - Splinter Meeting,” presented at Michoud Assembly Facility, 03-
13-2002
TSPB ET-93-ST-003, "Bipod Strut Removal,” 08-01-2002
PR ET-93-T5-00073, “There |s An Area Of Crushed Foam From The Installation Of
The -Y,” 08-08-2002
— hitp:s -
k: S/S1MS Run him ?folder=/A: T1S-107/ET. TS-
7l itle=RUNO1& TARGET
— Meeting with John Blue, USA Engineer, Kennedy Space Center, 03-10-2003
— 80911019108-509, Lockheed Martin, “BIPOD INSTL,ET/ORB,FWD"
— STS-ET Correlation.xls, from Jim Feeley, Lockheed Martin, Michoud Assembly
Facility, 04-04-2003
~ Mission Support Room Log Board located at Michoud Assembly Facility
— “Crushed Foam Testing,” response to RF1 B1-000266
e [*= 120112 [Cloead]
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* Action/Issue: Aconcern existed that improper storage and handling
of the ET between its completion and launch may have damaged
foam and contributed to foam loss during the ascent of STS-107.

+ Background / Facts:
— Post-build activities include storage at MAF, shipment to KSC,
processing at KSC, and mating to SRBs and orbiter
+ Findings:
— Extensive documentation governs steps taken to care for ET
— Storage takes place in locked, limited-access facilities
— Tanks are pressured with nitrogen or helium to 6.0 +/- 0.5 psi
« Pressure checked every 2 weeks at MAF, every week at KSC
— Visual inspections performed every 80 days
— ETis inspected 7 times between arrival at KSC and launch
+ This does not count daily inspections when stack exists

[Prossons ™ panaterial | =% FINAL [ side wmm

ET - Foam
Maintenance

+ Findings (cont.):
— Protective covers are used for 14 areas with historically significant
potential rates of damage due to collateral operations
— Repairs performed by KSC with assistance from MAF if needed
» Repaired areas inspected for “collateral” damage after repairs made
— Post STS-107 paper review by KSC examined 56,000 pages of
documentation
+ No contributing events identified
* Recommendations:
— None

= Processes appea to be in place and followed to ensure that shipping
and handling is performed in a manner that minimizes damage to the
ET

Pt p3/Material | D2t FINAL Side  po9
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ET — Foam
Maintenance
ET Acclepfancc S!or‘age * 8TS ﬁal.'uui Laurich
Final : . . b
P L Storage at MAF | 1 " e Phase !
Checkout) Tranzpart to ] |
KSC - .

Storage at KSC

Checkout and
Test 3

I
I
+ Tanks v essurized 10 6.0+0.5 psig with .
I
I

1
VA o diepoind el 1 Shuttle Shuttle Launch |!
« Final pressure decay rale test is performed ‘ Systems Mate Systems. Countdown |}
pior fo shipment ! Checkout !
1 1
i SS;;::”": : Abort/ |
1 s I8 Detark |1

| Storage inludes those canditions towhich the ETis | The ET is designed 1o witnstana e |

+ exposed aflsr acoeptance and prior o franspori fom  * anvironments incurrad on fhe isunch
1 V4B io faunch pad (exciuing Fansport] | padfor s period af up o 180 days.
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= Walk around (at oot fevel) inspections are.
performed 1o assess any obvious
ancmalous conditions related 1o protection
and TPS materi als.

ET - Foam
Maintenance
Maneuvering the E-T at Michoud Assembly Facility
{~ Opf_s ctas s ol; inside and outside the storage facility)

Proeie \3Matorial | 0" FINAL Side 40I§m

ET - Foam
Maintenance

ET shipped from MAF to KSC via Barge

it wn - ke asa.ov/mdinfo el TPioto Book (OFFLOA DAOfflond hm
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Raising the ET for Stacking in the Vehicle Assembly Building at KSC

Drte  FINAL Side g ofa

RerPoORT VoLumE V OcTtoBer 2003




COLUMBIA

ACCIDENT INVESTIGATION BOARD

ET - Foam
Maintenance

ET-93 Processing Timeline at KSC

—? lll?t

On Dock at KSC 12/2000

§
st5.ce r honae W

L]
STS-107 Lounch 011603

| i i i 1

Prossoler  |ygMaterial | P FINAL

ET - Foam
Maintenance

« Documentation:
— MMC-ET-SE42, External Tank Long Term Storage Requirements

— MMC-ET-SE08b, MMC-ET-TM04m, External Tank Storage and Pre-Shipment
Test Specification Requirements

— SP 84-8-1, Manufacturing Handling Plans (MHP}

NSTS 08171, File IV

— Product Assurance Procedure 17.11.5

- http:/iwww-launchops. ksc.nasa.gov/imsd/index htm

“Post Build Storage, Shipping, and Handling,” Presented at MAF, 2 Apr 03
Personal Observations at Michoud Assembly Facility, 11 Apr 03

— Personal Communication with Armando Oliu, at Kennedy Space Center, 10
Mar 03

http://mix.msfc.nasa.gov/IMAGES/MEDIUM/8219121 jpg

http:/Awww-pk ksc.nasa.govimsdinfo/et/E TP hotoBook/OF FLOAD/Offlo ad_htm
— Mission Support Room Log Board, Michoud Assembly Facility

—~ “ET Processing Review," presented during Working Scenario meeting at JSC

I

ET - Foam
Maintenance

Examples of Areas
Requiring Post-Build Rework

Clip embedded in ET-111 Intertank Stringer

Two areas of crushed foam on ET-
103 LH2 barrel - Impact from fire
bell in VAB

Surface voids in the ET/SRB aft
fairing splica plate foam
closeout on ET-111

[Prossete pazmaterial
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by M. Leinbach 27 May 03
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ET - Foam
Launch — Ascent

Action / Issue: Cryopumping & Cryoingestion
Background / Facts:
— Cryoingestion: escape of N2 from intertank into SLA or foam

+ Gaseous N2 used to purge inner tank condenses to liquid on upper
surface of LH2 tank

+ LN2 can leak through LH2-intertank flange shims, panel joints, and
vent holes under stringers
+ LNZ can then enter voids in foam or can be abscrbed by SLA
— Cryopumping: entry of ambient air through cracks in foam
+ Type (2) Ambient air condenses on surface of LOZ2 or LH2 tanks
= Air can come into contact with tank surface through cracks in foam
« Air can then enter voids or debonds at foam/substrate interface
— Theory:
« Trapped liquid N2 or liquid air vaporizes during ascent as temp rises
+ Lacking an escape path, vaporization causes a pressure build-up

+ Pressure can force foam to shed off the ET
[Prserser  p3Materials [5=  FINAL s W

ET - Foam
Launch - Ascent

Findings:

— Recent dissections of bipod ramps and LH2-intertank flanges (ET-
94, ET-120, ET-124) revealed flaws (voids, disbonds, FOD) -
potential cryoingestion/cryopumping sites

— Cracks in intertank stringer valleys & other areas may contribute to
cryopumping

— No evidence exists of SLA having spalled off along with foam

— Test#6 at MSFC (cryoingestion) revealed:

« When conditions were correct for cryoingestion and subsequent
wvaporization, foam failure mode was characterized by cracking

Cracking relieved pressure permitting N2 to escape from beneath
foam

« No spalling of foam was observed
= Test #6 conditions do not simulate the operational environment

[Peseter paateriais [o*  FinaL
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ET - Foam
Launch - Ascent

Findings: (cont.)
— Test #2 at MSFC {combined thermo/cryofvacuum environment)
revealed:
» Conditions during tanking favor the formation of liquid and/or solid N2
in “Y" joint at intertank flange
« Conditions are not correct for vaporization of liquid/solid N2 during
ascent
— MSFC will continue to change parameters on Test #2 to determine
if N2 vaporization can be artificially induced
— Bottom Line: Vaporization following ingestion of N2 from the
intertank may be a contributing mechanism for foam loss but does
not appear to be the sole driver

Prewesist g3 Materials | % FINAL
it
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ET - Foam
Launch — Ascent

Findings: (cont.)
— Test#6 at MSFC (cryoingestion) revealed:

+ When conditions were correct for cryoingestion and subsequent
vaporization, foam failure mode was characterized by cracking
Cracking relieved pressure permitting N2 to escape from beneath
foam
Mo spalling of foam was observed

+ Test #6 conditions do not simulate the operational environment
— Rapid warm up of the ' is not rep of flight envi t
» Even with rapid warming, it lakes approximately 3-5 minutes to build
up enough pressure to crack foam, time far cutside STS-107 bipod
foam loss
— Bottom Line: Test #2 and Test #6 together show that
vaporization following ingestion of N2 from the intertank is
probably not a contributor to bipod ramp foam loss during

[Presemer " Mamaterials |2 FINAL

ascent

ET - Foam
Launch — Ascent

Recommendations:

— NASA (MSFC) should continue with the series of tests planned to
investigate the loss of the bipod foam ramp from ET-93 during
STS-107

+ These tests will focus on understanding the cryopumping/ingestion
issue and its effect on and relationship to other envirenmental
conditions that the ET experiences during launch and ascent.

NASA should perform independent (non-MSFC) testing to
understand cryo-effects and other foam properties/behavior
Lessons learned from these tests must be used in the redesign of
the bipod fitting enclosure and also in the redesign of the LH2-
intertank flange area

Cryopumping and cryoingestion must be eliminated as potential
initiating events for foam loss from the ET.

I
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Cryoingestion of LN2 from Intertank through
Intertank-LH2 Flange in Bipod Region

LH2 Tank
Forward Dome

Gaseous Nitrogen (GN2)

\1\ NCFI 24-124
in Intertank and Stringers

Acreage Foam

Liquid Nitragen (LN2) in area Ablator (SLA}
between LH2 forward dome

and Intertank wall

Flange
Interface
Intertank Bipod Fitting
Flange Bolt
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ET - Foam
Launch — Ascent

Theoretical Progression of LN2 Cryoingestion from Intertank
time >

[ = Liquid Nitrogen (LN2) H = solid Nitrogen
[Prevsmmr  \3/Materials | % FINAL [5= 7ot [oleeRE]

ET - Foam
Launch — Ascent

Theoretical Progression of LN2 Cryoingestion from intertank
w

Ambicat Air

= ol

TOE -300°F

Divet

00

200°F
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ET - Foam
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Typical Voids found during
Dissection of ET-120 +Y
Bipod Ramp

Potential Cryoingestion Paths

M3/Materials | % FINAL ol 9@“3_

ET - Foam
Launch - Ascent

Stringer Valley Cracks on
ET Intertank

Potential Cryopumping Paths

Pkt 3 Materials | M FINAL

ET - Foam
Launch - Ascent

Bipod Thermal/Vacuum Cryogenic Test msrcTest#2
Description
— Replicate the TPS configuration of the —Y bipod ramp and expose this area

to simulated ground and flight environments in an attempt to replicate the
probable scenario of foam loss similar to that experienced on STS-112

Objective
—Characterize TPS debris from bipod area
resulting from the following ascent
environments
+Cryogenic back-face temperatures
coupled with on-pad soak duration.
~Back-face temperature ascent profile
-Ascent pressure profile
—Characterize configuration of hardware and
SLA-561 remaining after initial foam
lossResults support fault tree blocks relating to
foam loss and tile impact

[Pressnar ~ MaMaterials [P FINAL

ET - Foam
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Cryoingestion/Cryopumping Fundamental Data Test
MSFC Test #6
« Description
— Collect fundamental phenomenon investigation for the effects of cryo fluids
on stacked structure and TPS configurations
«  Objective
— Bridge testing results from small single material test articles to interaction
effects of SLA with SOFI in controlled tests where specific fundamental
characteristics may be observed and quantitatively evaluated for use in
modeling the behavior of complex SLA and SOFI structures.
Investigate SLA/foam debris liberation sensitivity to geometry
Characterize failure modes
Characterize cryopumping sensitivity to crack size
Investigale freezing effects of cryoingestion
Investigate rate effects of ingestion and venting
Investigate cryopumping behavior to configuration
Investigate pressure induced failure of SLA/foam g
Investigate phenomena identified by the TEF

Fresemiar 3 Materials | % FINAL 120(13-
—
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* Documentation:
— “External Tank Working Group Test Approval Request” presented
to CAIB, 25 Feb 03
— “Technical Exchange Faorum on External Tank Nonmetallic
Debris," MSFC, 3-4 Mar 03
— “External Tank Working Group - Testing” presented at MAF, 14
Mar 03
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* Action /Issue: The ET has shed foam since STS-01. Major events, such

ET — Foam
Launch — Ascent

as the loss of portions of bipod foam ramps, have occurred periodically.
Background / Facts:

— Although lile damage is often used as the indicator of foam loss, no
conclusive evidence exists linking tile damage with foam loss

+ Chemical sampling of tile damage sites for foam has been
inconclusive

+ Debris sources are not limited to the ET

* Use of imagery from launch, ascent, and ET separation is
necessary to confirm foam loss

— All 113 STS missions have been reviewed to determine availability of
launch/ascent imagery data

— No imagery coverage available on 34 missions
* 16 Night Launches & 18 Day Launches with no camera coverage
— Bottom line: Presence or absence of foam loss can be visually

confirmed on 78 of 113 missions at this time
= o TN
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+ Findings: Recall, visual imagery available on 79 of 113 missions
— 65 missions experienced visually confirmed foam loss
» Foam loss confirned on 82% of missions for which imagery was available
= 55 experienced loss of foam from LH2-Intertank flange
* 34 experienced loss of foam from Intertank acreage
* At least 7 experienced loss of a portion of a bipod ramp (all - [left])
* 12 experienced confirmed loss of foam from thrust panels (“popcorning”)
+ 45 experienced loss of foam from other sites
+ Of the 57 without a bipod ramp loss, 39 experienced losses “near bipod”
— Worst damage to orbiter tiles: STS-27R (OV-104)
« Due to loss of SRB ablator material: pot due to loss of ET foam
* Hits to orbiter: 644 lower surface (272 >1") [707 total (298 > 17)]
— Most damage to tiles from ET foam loss: STS-87 (OV-102)
+ Thrust panel popcorning
« Hits to orbiter: 244 lower surface (109 >1") [308 total (132> 1]
| e [swe 2 ql 12 w

.
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Launch - Ascent

Findings (con't):

— MSFC has taken actions on numerous occasions to eliminate or reduce
foam loss from the ET

Recommendations:

— NASA must continue testing currently underway at MSFC and MAF to
identify the root cause(s) for the generation of debris from the ET.

— NASA must minimize the generation of debris from the ET.

— NASA must establish programs to understand the possible damage
resulting from debris impacts on other Space Shuttle elements.

- NASA must institute a policy to provide (visual) imagery on 100% of
launches to check for ET foam loss and other launch debris.

P M3 Material | %% FINAL
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* Recommendations (con't):
— NASA must harden each of the Space Shuttle elements (especially the
orbiter) to maximize their impact damage tolerance.
— NASA should take an integrated approach to address these
recommendations
« All future efforts that minimize the debris generated by each Space Shuttle
element and maximize each element's impact damage tolerance must be
mutually compatible.
— NASA should consider eliminating a foam-covered ET from the Space
Transportation System

Prssmter — pp3Material | % FINAL
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Loss of —Y Bipod Ramp Foam, STS-7 (OV-99, ET-6)
A —

P 78"
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Loss of ~Y Bipod Ramp Foam, STS-32R (OV-102, ET-32)
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RerPORT VoLumE V OcTtoBer 2003




COLUMBIA

ACCIDENT INVESTIGATION BOARD

ET - Foam ET - Foam
Launch - Ascent Launch — Ascent

Loss of —Y Bipod Ramp Foam, STS-50 (OV-102, ET-43) Loss of —Y Bipod Ramp Foam, STS-52 (OV-102, ET-55)

P 3 Material P FINAL | 7ﬂi Freeeri i3 Material | % FINAL S oof 2 (GG
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ET - Foam ET - Foam
Launch — Ascent Launch — Ascent

Loss of -Y Bipod Ramp Foam, STS-62 (OV-102, ET-62) Loss_of -Y Bipod Ramp Foam, STS-112 (OV-104, ET-115]
T (Lost at ~ T+30 sec)

4" % 14" divot fPue 4

lost from 1

stringer head T Lo
on intertank

Shallow 1" x 3" divot lost from
rear face of bipod foam ramp

[Pesemiet " amaterial [P FINAL [ sl aonz- Frerer  y3Material | %% FINAL [ siee monzm
ET - Foam ET - Foam
Launch — Ascent Launch — Ascent

Summary of Some ET Project Office Efforts

to Reduce Debris Shed by External Tank
B Taunch —r'——— + Documentation:
3 ET Dats. P /Concam Efforts to Reduce Debris.

[ WA T o o | P P oo iants o L2 Tare b P o 0 S - CAIB Request for Information, “External Tank Foam Loss,"B1-00039

— MAF Mission Support Room Log Board, Michoud Assembly Facility

— hitp:/www-pao. ksc.nasa.gov/kscpao/factoids/shfacts htm (night launches)
— STS-ET Correlation.xls, from Jim Feeley, MAF

et et A — CAIB Request for Information, “Debris Info STS-32 -35 -42 - 58 Summary.xls.”
o oo | e fiwg et g comsrm o ST8Gm 8 519 ! vt i B0-000026
[EE = | v oo  Eiped chet ctacred on S5 [R50 Fapacton 1o vl wert Foia Gep o s e — CAIB Request for Information, “CAIB Cryoinsulation Report,” B1-000121
T P e | | port — CAIB Request for Information, “Discussions at MSFC..." (w/ Scotty Sparks &
w1 w Steve Holmes), B1-000132

T T e (B Sl mwad e ST

ToTs o Tt e

“Tile Chemical Analysis,” Discussion & E-mail with Jorge Rivera @ MAF, 10

i T S S o G B Apr 03
PR YR TR vt fum | oy
F0 N T TNy ot o Ty — "“ET Cryoinsulation,” presented at the CAIB Public Hearing, L. Foster & S.
o e e e EEET Sparks, 7 Apr 03,
(i
; i —

vzl v | e sty | Moy
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Ascent Debris Strike
Other (ET/Foam)

Action / Issue: Complex aerodynamic loads on ET-83's bipod foam
ramp may have caused it to fail during the ascent of STS-107
Background / Facts:
— Bipod foam ramp shed at 81 sec (Mach 2.46, o = 2.08°)
— Ascent environment is very severe; flow field is complex
+ 3 intersecting shocks occur in bipod region
— Airloads determined by numerous methods
+ Wind tunnel testing of 3% scale model
+ Computational Fluid Dynamics (CFD) analysis
+ Analytical (Hoerner) analysis

Prsenier  f3/Material | % FINAL

= ]

Ascent Debris Strike
Other (ET/Foam)

Findings:
— Early wind tunnel tests on flat-faced and 20° angle ramps confirmed
a 1.1 safety factor against failure caused by aerodynamic loads
+ Additional analysis calculated a safety factor of 2.35
+ Wind tunnel testing was not performed on the current biped ramp
geometry (22°-30°) nor on flight configuration articles (SLA, underlying
bipod fitting, etc.)
— Wind tunnel testing was also performed on 3% scale model of Space
Shuttle
+ Correlation between this testing and CFD/analytical models was good
+ MADS data from the OEX recorded recovered from STS-107 confirmed
that CFD and analytical models were conservative
- No flight instrumentation was used on early ETs to investigate
airloads on bipod ramps
+ Instrumentation on early flights collected only bipod strut strains

=

[Prosenier pansaterial [P FinaL
L

.

Ascent Debris Strike
Other (ET/Foam)

Findings: (cont.)
— Aerodynamic loads predicted by CFD and analytical methods are
significantly less than design requirements
+ Minimum safety factoris 1.4
— Vibroacoustic analysis calculated a safety factor of 1.64 against the
formation of divots
— No finite element analysis was performed to determine the ability of
the bipod foam ramps to withstand aerodynamic loads
+ Complexity of geometry and material makes such modeling difficult
« Efforts are in place at MAF to develop a finite element modeling
capability for foam protuberances
— The complex combined aerofthermo/vibro/vacuum/acoustic is
extremely difficult to simulate, thus, combined testing was never
performed
* “Worst case” conditions were solved and superimposed to determine the
integrity of the bipod foam ramps under these conditions

[Prsersr ™ MaMaterial ]9 FINAL [e= 3ot1s [Ea]

Ascent Debris Strike
Other (ET/Foam)

Findings: (cont.)

— No studies of the behavior of partially failed (i.e. cracked, etc.) bipod
foam ramps was ever performed

— No evidence that aerodynamic loads, alone, caused bipod ramp to
fail on ET-93 during STS-107

« In fact, precited aero loads have a large radial load component (300 Ib)
forcing ramp to remain on ET
Recommendations:

— NASA must continue to improve its capabilities to perform analytical
and numerical simulations of the complex combined environments to
which the the ET is exposed.

* These capabilities must be validated with test and/or flight data

Presemmr — pp3Material | P*®  FINAL

Ascent Debris Strike
Other (ET/Foam)

STS-107 Trajectory Reconstruction S1-03-024

STS-107 Debris Release
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Ascent Debris Strike
Other (ET/Foam)

Flowfields
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Pressure Coefficients (Cp) [fevwer  mamatenal [0 FiNaL

Ascent Debris Strike
Other (ET/Foam)

=

Ascent Debris Strike
Other (ET/Foam)

Flowfields in -Y Bipod Region

JSC CFD
Mach no. = 2.46
Alpha=2.08°

[Frosenc ™ mamtaterial o FinaL
LG

Ascent Debris Strike
Other (ET/Foam)

Pressure Coefficients (Cp) in -Y Bipod Region
(Coefficients in +Y bipod region inaccurate due to simplifications in model)

Observations
— 3intersecting shocks in
bipad region
— Complex flow features
- Separated flow
- Vortices ahead of
bipod/bipod ramp

— Significantly more complex
local flow field than lower
Mach numbers

— Complex flow
characteristics begin at
approximately Mach = 1.4

[Prsemer  p3material [P FINAL
ikl

Ascent Debris Strike
Other (ET/Foam)

Original Bipod Ramp Wind Tunnel Test Components

[Prssnmr ™ Mamaterial [P FINAL

Ascent Debris Strike
Other (ET/Foam)

Comparison of Wind Tunnel Test Data With CFD Predictions
for Pressure Coefficients Longitudinally Along the ET Surface

o Ty, LT -
S e
& o8 /"l( { .
I v

— CFD Prediction
15 ©  Wind Tunnel Test Data

== Path Along Which Data Was Taken and CFD Prediction Was M:

["-"'-' M3Material | %= FINAL

Ascent Debris Strike
Other (ET/Foam)

Predicted Side (Y-direction) Force on ET-93's
-Y Bipod Foam Ramp During STS-107

STS-107 -¥ Bipod Rangp Air Loaks

: Bibomd e
rotanee o 5o ereaiogy 107 Db o
Presamsr pg3Material | P FINAL ke 120 15
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Predicted Bipod Foam Ramp Aerodynamic Loads

Ascent Debris Strike
Other (ET/Foam)

Design CFD predictions of Flight Loads
Axis Requirements | Mach0.59 | Mach 1.06 Mach 2.46
(Independent of Mach)

Max Axial
Load 899.4 254 637 48
(+aft)
Max Side
Load (+/-) 756.2/-2483.5 -359 -664 -24
(+ inboard)
Max Radial
Load 1409.3 -332 -24 322
(+ inward)

| Predictions Indicate Aerodynamic Loads

Includes Safety Are Less Than Design Limits

[Prasmer — pamatenal [®  FINAL

Factor of 1.4
[® 130115 _

Sarr s A

[ ——

Absolute Angle for Flights at 39° Inclination

AANQ Compatiect for ircTinsdions of 3 dog-ves BANG € onspartecn for imclnalivns of 4 degene:

= 150115-
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Documentation:

Ascent Debris Strike
Other (ET/Foam)

“Bipod Airflow and Loads,” presented by R. Gomez, RFI B1-000050,
23 Mar 03

“ET Bipod Aero Ramp Foam Verification / Certification,” presented
by M. Quiggle, at Michoud Assembly Facility, 10 Apr 03

“Ascent CFD Verification,” RFI B1-000147, 22 Apr 03.

Personal Communication, M. Quiggle, at Michoud Assembly Facility,
15 May 03.

“1.1.1 TPS Debris Fault Tree Closeout Briefing,” S. Sparks at MSFC,
20 May 03
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ET - Foam
Launch - Ascent

+ Action /Issue: Potential for Foam Loss to be Related to Weather

+ Background / Facts:
— Numerous suggestions (via PIAs and media) that foam loss is related to
moisture absorption and/for ice formation
— Weather office at KSC has provided the following historical info for the time
during which the shuttle was outside for each mission: 1) daily rainfall, 2)
min/max daily temps, 3) min/max daily rh, 4) min/max daily atm pressure, 5)
max daily surface wind gusts & direction, 6) temp at start of tanking
(fueling), 7) temp at launch
+ Findings:
— Average ET pre-launch exposure time for all missions is 38.5 days
+ ET-93 {used on STS-107) was on the pad for 39 days prior to launch
+ No apparent trend linking pre-launch exposure time to foam loss
— No apparent trends linking foam loss with any weather variables analyzed

[Prssmsr ™ p3material O FINAL [ |ur3-
ET - Foam

Launch — Ascent

Relationship Between Foam Loss and ET Pre-Launch Exposure
(Overlapping confidence intervals indicate no significant difference amaong categories of data)

QaIETe

BIET4 weih confmued foam kine
ETe with m comfrmes fosm oas
CIETH or whveh fo ok 8 Lrkiomny

I: 065, Conncene inereal

U KT . [e—

Pre-iaunch Exacsurs Thme idays)
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ET - Foam
Launch — Ascent

Recommendations:

— NASA should continue to investigate moisture absorption by foam
and relate any results to pre-launch exposure of the ET to the
atmosphere.

— NASA should continue analyzing weather data in search of
correlations between weather variables and foam loss. Particular
attention should be given to identifying the importance of
combinations of variables that might contribute to foam loss.

Documentation:
— RFI B1-00145 “Historical Weather Data,” 27 Mar 03

- John Madura, KSC Weather Office, 321-887-0814,
john.t.madura@nasa.gov
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ET - Foam
Launch — Ascent

« Action/Issue: Moisture absorption by the External tank (ET) foam
may have caused or exacerbated the foam loss event by increasing the
mass of the piece shed from ET-93 during the ascent of STS-107

+ Background / Facts:

— PIA #644 cited a “review of publications” indicating closed-cell foam
can absorb water and increase in mass by a factor of 10
— B. Peterson (formerly of Texaco Chemical) cited experience with
polyurethane foams that could absorb water at near-freezing
temperatures if chemical constituents of foam were correct
— Prof. L. Glicksman (M.1.T.) performed preliminary calculations
+ Showed water vapor could be absorbed into foam at 68°F and 100% rh
+ 6-hour tanking would result in absorption of 0.001 Ib/ft2 of water
— Moisture absorption by foam is a concern in the building industry
+ PIA# 671 identified two commercially available codes designed to
predict moisture absorption in foam
— Incorrect analyses by media led to public misunderstandings

[Prosemer ™ maimaterial [P FINAL T 1uf|2u

ET - Foam
Launch — Ascent

« Findings:
— ET foams do not have chemistry susceptible to moisture absorption

» Peterson identified a specific EO/PO ratio (ethylene oxide / propylene
oxide) that made foams absorptive near 32°F

= EO is the hydrophyllic component (attractive to water)
+ EOQ/PO ratio of ET foams is zero
— Regardless of chemistry, unlikely that closed-cell foam can absorb
liquid water
+ Diffusional absorption of water vaper may be possible
— Prof. Glicksman predicted ice and vaporization layers
+ Potential ice layer: thickness = 0.002 in, weight = 0.015 oz/ft?
« Vaporization layer: thickness = 0.2 in, weight = 0.08 oz/ft?
— Dr. Osheroff has performed simple experiments at Stanford
+ Immersion of foam in ice water suggests water permeates foam only to
0.004 in below surface
+ Consistent with depth of single layer of open cells at surface
[Presermr — pi3iMaterial [P FINAL [se 20112

ET - Foam
Launch — Ascent

» Findings: (cont.)
— MSFC previously performed water absorption tests under
accelerated conditions (7 days at 125°F and 95% rh)
« NCFI| 24-124 acreage foam: 0.12% weight gain
+ BX 250 closeout foam: 0.16% weight gain
+ 88 1171 feedline foam; 0.42% weight gain
+ PDL 1034 poured foam: 0.83% weight gain
+ Both foams had machined surfaces (i.e. surface cells were open)
— Recent additional tests conducted at MSFC (with Prof. Leon Glicksman of
M.L.T. retained as a consultant)

« Immersion of BX 250 & NCFI 24-124 in distilled, de-aired water at 125°F
for over 60 hours
+ Water absorption equivalent to thickness of exposed surface layer
of open cells
« Consistent with Dr. Glicksman's calculations and Dr. Osheroff's

experiments
[Provenar " MaMaterial | P FINAL [~ 3012 [Eicees)

ET - Foam
Launch — Ascent

« Findings: (cont.)
— Recent additional tests conducted at MSFC (cont.)
» Vapor Phase Transmission through BX 250
« Included thermal gradient of ~70°F to simulate tanking conditions
+ Level of transmission deemed insignificant (< 3 g/hr-m?)
« Especially in light of low moisture absorption & limited tanking times
— Bottom Line from recent tests at MSFC
« “Absorbed” water limited to open cells on surface
= Any water absorbed deeper into foam does so through vapor
transmission at a very low rate
= Water ingress through voids/cracks open to surface and subsequent
vaporization & crack formation or growth is a possibility
— Role of long voids, warmholes, knitlines may merit further testing
— Future research should integrate test results into a mechanistic,
quantitative failure mode model

[Preseom— pamaterial [P FINAL = 4or|2u

ET - Foam
Launch — Ascent

* Group Recommendations:
— NASA should consider continued testing per Dr. Glicksman's
suggestion
* Investigating water ingress through unique features (long voids, etc.)
» Developing failure mode model incorporating test results

Prisen 3aterial | % FINAL e 5"'”“

ET - Foam
Launch — Ascent
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ET - Foam ET - Foam
Launch — Ascent Launch - Ascent
Moisture Absorption by ET Foams
Types of ET Foams Exposure Conditions: 7 days @ 125°F and 95% rh
! 0.06
NCFI24-124 | BX250 | NCFI24.57 | PDL1034 - 28 005 ¥
£ b=
% of Total {77%) {14%) (T%) {1%) g 06 004 ;';, N
Foam = 003 £ §
£ os 5
Application | LHZ,L02,T | LHzforward | LHZAft | Closeouts 2 002 ¢ £
Areas sidewall dome, L0Z Dome and repairs 02 0.01 S
aft dome, ‘ - i =
licat| Automal czsmis Automali Pour/Mold ¢ ¢
vutl] Rarnmad| o, oot i NCFI24-124  BX-250 $S-1171  PDL1034
Py, Machined Machined Machined Machined
Acreage Rama, Feadiine Paured
Description | Isocyanurate | Urethane | Isocyanurate | Urethane Foam FC‘E“QG'& Foam Foam
Foam
Frmenat |3 aterial | P FINAL B 7 of 12 m Prsevser 3 Material | P FINAL side g of 12 [
ET - Foam ET - Foam
Launch — Ascent Launch — Ascent
ET Foam Moisture Absorption ET Foam Moisture Absorption (cont.}
Source: RFI B3-00060 Source: RFI B3-00080
« NCFIl 24-124
— Accelerated Exposure (7 days @ 125°F and 95% humidity) + BX-250
— 0.12% weight gain due to moisture absorption {machined foam) — Accelerated Exposure (7 days @ 125°F and 95% humidity)
— Outdoor Exposure (28 day variable daily relative humidity) ~ 0.16% weight gain due to moisture absorption (machined foam)
- 0.70% maximum weight gain due to moisture absorption (after & days) = 85117
- 0.04% moisture loss after 28 days - Accelerated Exposure (7 days @ 125°F and 95% humidity)
+ Vented NCFI 24-124 — 0.42% weight gain due to moisture absorption (machined foam)
— Concern: Holes in vented foam will wick moisture if ET is exposed + PDL-1034
to rain - Accelerated Exposure (7 days @ 125°F and 95% humidity)
— Test performed: 5 repeated exposures of heavy rain and extreme — 0.83% weight gain due to moisture absorption (machinad foam)
freezing conditions caused no deterioration of the foam tensile « Conclusion
properties — ET foam materials absorb insignificant amount of moisture under
accelerated test conditions
Preserr  3Material | O™ FINAL oo 12 FRiG| [Preserr ™ MaMaterial [®*  FINAL S0 of 12 [EIGER

ET - Foam ET - Foam
Launch - Ascent Launch - Ascent

Closed-Cell Foam Morphology
(BX-250 shown)

* Documentation:
— E-mail: Bruce Peterson to Johnny Wolfe, 27 Feb 03
— E-mail: Leon Glicksman to MG Barry, 9 Mar 03

— CAIB Request for Information, “External Tank Moisture Absorption,
B3-00060

— CAIB Request for Information, “ET Cryoinsulations,” B1-000121

— PIA 671 “Insulation & Moisture”

PIA 644 “Closed Cell Foam Can Absorb Water”

Discussion with Scotty Sparks (MSFC) at MAF, 16 Apr 03

Discussion with Dr. Osheroff (CAIB/Stanford) at MAF, 21 Apr 03

— Response to RFI B1-000194 “ET Foam Moisture Absorption
Testing,” 1 Jun 03

[Presemsr ™ Mamaterial [o™ FINAL [Prosnsr Waaterial o FiNaL s 12012

RerPoORT VoLumE V OcTtoBer 2003 103




COLUMBIA

ACCIDENT INVESTIGATION BOARD

¢cio/

aplis

IVNIA  eeg| | ANOID/FIVD  spueseiy

_ Co_ymo_h_—_tmo Ucm QC@E.@.:.DGUW_ AbJau3 joedw| DDOY

UONEJIIIa)) pue Sjuawalinbay ubisag WalSASqnS M

uoneoya) — ubisaQg
20Y

XLIJe N

Z-G
-G

RerPoORT VoLumE V OcTtoBer 2003

104



COLUMBIA

ACCIDENT INVESTIGATION BOARD

Wing Leading Edge
Design & Certification

» Action/Issue: Determine adequacy of the WLE subsystem
requirements, design and certification
» Background / Facts:
— RCC is a critical component of the TPS (safety-of-flight)
— Performance and design requirements documented in specification
MJOT0-0001-1E, 7 Nov 02
+ TPS impact energy design requirement is 0.006 foot-lbs
{paragraph 3.3.1.8.11)

» Orbiter not designed to withstand launch debris or ice (paragraph
3.3.1.8.16)

Presanst 113 Matesial Do EINAL

=

Wing Leading Edge
Design & Certification

+ Background / Facts:

— RCC system is mounted to the wing front spar using attach fittings
bolted to the front spar

— Wing front spar attach fittings redesigned from a 2-piece design
using A-286 steel (CV-102) to a 1-piece design using Ti-BAl-4V
titanium (subsequent orbiters)

— The insulators used to protect the metallic components of the WLE
have been redesigned to increase survivability against MMOD

— Moment constraint fittings (spanner beams) were retrofitted on
several OV-102 RCC panels as a result of an increase in the
predicted loads

+ OV-102 spanner beams installed on panels 5 through 19

= 3w25_
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Wing Leading Edge
Design & Certification

Various
= Insulators

Front
Spar

“Ear Fittings

Muff*

Insulator
-y
0OV-102 RCC Panel 3 on Right Side
[Fossmr amatorial [P FINAL [o s cr2c (RS

Wing Leading Edge
Design & Certification

Background / Facts :
— Procurement specification MC621-0007, Rev E requirement more
stringent than design requirement

* Impact/ground handling damage resistance limits defined in
figure 3.1

+ Impact energy limit ranges from 1 to 2.25 foot-pounds based on
part thickness

— TPS mission life requirement of 100 missions with scheduled

maintenance and refurbishment (paragraph 3.4.3)

Preeer 3 Material ] P FINAL
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Wing Leading Edge
Design & Certification
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Wing Leading Edge
Design & Certification
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Wing Leading Edge
Design & Certification

e

RCC Spanner
T-Seal Beams
RCC
Panel
Preseme 3 Material | O FINAL [ 7 orzc iaea

Wing Leading Edge
Design & Certification

¢ All T-Seal Lugs Have
Thickness = 0.326”
(25 Plies)

Typical T-Seal

Wing Leading Edge
Design & Certification

Spanner
Spanner Beam
Beam Insulators

Freenet yMaterial | P FINAL Side BonG

[P paMaterial O™ FINAL

Wing Leading Edge
Design & Certification

Thickness
Is 0.247”

Typical T-Seal Edge
P \3Material | ** FINAL [5 oorzo [ETGHG

Wing Leading Edge
Design & Certification

Aluminum

LI2200
Tile

Typical Lower Carrier Panel

2219 or 6061

o, A-286 Steel
-4+ Bolts

[Presemier ™ Wamatedial P FINAL
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Wing Leading Edge
Design & Certification

« Background / Facts:
— RCC developed to withstand the high temperature environment for
multiple missions and maintain aerodynamic shape
— RCC composed of Carbon-Carbon substrate to carry the load
— RCC outer surface converted to Silicon-Carbide (SiC) coating to
provide oxidation resistance to the carbon substrale
— RCC substrate porosity filled using tetraethyl orthosilicate (TEOS)

Type A sealant applied to seal SiC coating crazing cracks

— Double Type A (DTA) sealing process developed to improve
mission life and involves additional TEQS and Type A application
process

[Prssmer amiaterial [P FINAL [ 1201 2s [Elaes)|
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Wing Leading Edge
Design & Certification

RCC Material System - Application Order is Top to Bottom

[Presemiar 3 Material [P FINAL
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Wing Leading Edge
Design & Certification

RCC Panel & T-Seal Weights

B Panels
=
H T-Seals
w
-]
£
3
2 B
5 | |
=
@
: | |
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Location
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Wing Leading Edge
Design & Certification

+ Background / Facts:

— Substrate mass loss significantly reduces flexure strength and

impact energy resistance
— Substrate mass loss has minimal affect on tension, compression
and shear properties
Highest peak temperature occurs at Panel 9

— Highest air loads occur at Panel 17

Prsanir M3 iMalerial B EINAL

Wing Leading Edge
Design & Certification

Representative Cross-Section of RCC Material

[ese 140t 26 -
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Wing Leading Edge
Design & Certification

Background / Facts:

— Extensive analysis and testing was performed to certify the WLE
subsystem to the performance requirements
— Mechanical property {design allowables) documented in Vought
Report 221RP00614, Rev A, 12 October 1994
« Over 2,000 specimen tests were performed to characterize the

RCC mechanical properties

— Initial development tests did not reveal the susceptibility of RCC to
subsurface oxidation

[Prseoms ~ M3mMaterial [0 FINAL

Wing Leading Edge
Design & Certification

ALLOWABLE

STRESS - K8i

19 plies = 0.24” thick, 38 plies = 0.5” thick
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Wing Leading Edge
Design & Certification

Impact Energy (insis.)

030 .06 DEs
Thickness {in.)

—— Minimum WLE RCC Thickness
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Wing Leading Edge
Design & Certification

O 14414.1C DESIGN PREDICTION
----- 878125 FLIGHT DATA
i Q 87s-1 PREDICTION

|
200 |-
| : T M4ICDESIGN  f o
1 bk
1000 lL STE PREDICTION S

/f

TEMPERATURE “F

TIME {SEC)

Figure 8 Wing LE Panel 3 Lower Attach Clevis Temperaturs
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Wing Leading Edge Design & Certification

« Recommendations (agreed to by Curry, Gordon, Grant):

— Determine RCC component damage sources, frequency, and
severity to include debris impact during ascent

Determine the damage tolerance capability for each damage type,
location, and size ranges by calculating remaining service life and
residual strength

— Develop an NDE technique and capability to ensure damage limits
have not been exceeded prior to each mission

Establish realistic service life duration expectation for remaining
orbiters and revise operation and maintenance requirements
accordingly

[Presemer “p3iMaterial [P FINAL
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Wing Leading Edge
Design & Certification

DESIGN VERTICAL T
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Figure 5 LESS Deaign Airloads
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Wing Leading Edge Design & Certification

Findings (agreed to by Curry, Gordon, Grant):

— Impact of aging in terms of calendar time on corrosion, adhesive
breakdown, etc. and impact to structural integrity must be
determined

- Safe-life design approach used for RCC mission life which is
potentially an unsafe approach to ensure structural integrity

— The residual strength of damaged RCC parts has not been
demonstrated by testing with the exception of substrate oxidation,

pinholes and craze cracks

[Prosmme M3Material P FINAL

Wing Leading Edge
Design & Certification

Documentation:

— Briefing by M. Gordon, "LESS/RCC Recovery and Reconstruction
Data, OV-102 LESS/RCC Components Installed for STS-107", 1
March 2003

— Boeing Specification MJO70-0001-1E, “Crbiter End Item
Specification for the Space Shuttle Systems, Part 1, Performance
and Design Requirements, 7 Nov 02

— Briefing by D. Curry et al., “Orbiter RCC Design and Flight
Experience”, 28 July 1999

Presemer 143 Material Dae  FINAL
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Documentation:

Wing Leading Edge
Design & Certification

— Vought Report 221RP00614, Rev A, “Leading Edge Structural
Subsystem Mechanical Design Allowables for Material with
Improved Coating System”, 12 October 1994

Paper by D. Curry, “Space Shuttle Orbiter Thermal Protection
System Design and Flight Experience”, May 1993

Paper by D. Curry, “Thermal Protection Systems Manned
Spacecraft Flight Experience”, February 1992

Carbon-Carbon Materials Development and Flight Certification —
Experience From Space Shuttle”, September 1987

AlAA Paper 86-0949-CP by D. curry et al., “Space Shuttle Orbiter:
Leading Edge Structural Design/Analysis and Material Allowables”,
May 1986

[Preseneer “MaMaterial [P FINAL
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Documentation:

Wing Leading Edge
Design & Certification

AFFTC-TR-85-11, “Flight Test Results from the Entry and Landing of
the Space Shuttle Orbiter for the First Twelve Orbital Flights”, June
1985

Rockwell Procurement Specification MC621-0007, Leading Edge
Structural Subsystem — Shuttle Orbiter”, Rev E, 17 March 1983
Paper by D. Curry et al., “Space Shuttle Orbiter Leading Edge Flight
Performance Compared to Design Goals”, March 1983

Paper by R. Wakefield et al., “A Method for Determining Structural
Properties of RCC Thermal Protection Material”, May 1978

Rockwell Report SD73-511-0300B, “Orbiter Leading Edge Structural
Subsystem Induced Environments”, 9 April 1976

e [#ie 26 of 26
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RCC Impact Energy Requirements

= Action/Issue: Determine adequacy of RCC impact requirements and
certification

« Background / Facts:
— Performance and design requirements documented in specification
MJ070-0001-1E, 7 Nov 02
+ TPS impact energy design requirement is 0.006 foot-lbs
(paragraph 3.3.1.8.11)
+ Orbiter not designed to withstand launch debris or ice (paragraph
3.3.1.8.18)
— Procurement specification MC621-0007, Rev E requirement more
stringent than design reguirement
+ Impact energy limit ranges from 1 to 2,25 foot-pounds based on
part thickness

[Prsmome 3Material O™ FINAL

Previous RCC Impact Testing

« Background / Facts:
— Hypervelocity impact testing performed
+ Reference NASA-LARC Report TMX-74039, June 1977
* Nylon projectile resulted in front face damage at 2.2 foot-pounds
and both front and back face damage at 8.1 foot-pounds
+ Glass projectile resulted in front face damage at 0.2 foot-pounds

- Hypervelocity impact testing performed in support of NRC MMOD
study at JSC facility

+ 15 shots using 2017-T4 aluminum
+ Projectile energy ranged from 53 to 213 foot-pounds
* Minimum damage: front face = 0.65" and back face = 0.87"

[Prosmssr " psimaterial [ FINAL
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Previous RCC Impact Testing

Background / Facts :
— Low velocity ice impact testing performed
« Reference Boeing report STS-82-06815
« Specimen perforated at 132 foot-pounds normal to surface
— Low velocity impact testing performed in an attempt to generate
damage result seen on RCC panel 10R after STS-45 on OV-104-11
+ Aluminum projectile generated front face crater at 19.6 foot-
pounds and front and rear face damage at 31.7 foot-pounds
« Steel projectile generated front and rear face damage at 42.77
foot-pounds — best match of STS-45 damage
+ .22 short lead bullet did not damage specimen at 3.36 foot-
pounds
« Steel BB damaged front and rear face at 1.23 foot-pounds

(= ]

[Presemie  y3imatonal [ FiNAL

WLE RCC Impact Fleet Experience
Foam/Ablative

= Background !/ Facts:

— OV-104-03 impact damage to right wing discovered after STS-27R
in 1988

» Reference TPS post-flight report KL0-89-001

“Some of the RCC panels and tee seals had streaks on the
oML”

“Rib station #7 had a dent near the upper trailing edge”

Most probable cause is the right SRB nose cap ablative
insulating material

-~ OV-102-28 ET bi-pod ramp foam impact to left wing during STS-
107 in 2003

Presesier i3 Material | D FINAL

=

WLE RCC Impact Fleet Experience

Summary
Flight Impact Debris Resulting
Year | STS | OV # Location Type Damage

1988 | 27R | 104 3 T-Seal TR SRB Ablative 1 Dent, Ne SIC Loss
1992 45 104 11 Panel 10R_| Man-Made Object | 2 Dents with SiC Loss
1994 65 102 17 Panel 5L MMCD Small Crater
2003 | 107 | 102 28 |Panel Sto 10) ET Bi-Pod Foam Under Evaluation

21 Flights Sampled, 43 Impacts Discovered due to Orbital Debris, Largest Damage = 0.2" |

Precerier 13 Material Dair  EINAL
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WLE RCC Impact Fleet Experience
Man-Made Object

+ Background / Facts:

— OV-104-11 impact damage to panel 10R discovered after STS-45
in 1992

Reference S. Christensen briefing

Substrate was exposed and oxidized, panel scrapped
Failure analysis documented in LTR4088-2427

Impact was caused by a low velocity impact by a man-made
object

Impact occurred before reentry heating

Ascent encounter determined to be possible

On-orbit encounter determined to be remote possibility

=

[Pesersr ~p3Material [0 FINAL

RerPoORT VoLumE V OcTtoBer 2003




COLUMBIA

ACCIDENT INVESTIGATION BOARD

WLE RCC Impact Fleet Experience
Man-Made Object

S

R A o
o %4
‘E&",?;s g
e L TR s

IML

0V-104-11, Panel 10R Impact Damage (1992)

=
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WLE RCC Impact Fleet Experience
MMOD

~ Crater
. Approximately
10.08" in Diameter.
Depth Unknown but
Reported not to be
through-thickness

0OV-102-17, Panel 5L Micro-meteorite (1994)
[Preoevr MaMaterial [P FINAL [ oot iGN

WLE RCC Impact

Documentation:

— Boeing report KL0-03-001, Mission STS-112 OV-104 Flight 26
Thermal Protection System Post-Flight Assessment”, May 2003

— JSC report, "STS-112 Launch Film Screening Report”, 12 October
2002

— MSFC report, “STS-112 JSC Launch Video Screening Report”, 8
October 2002

WLE RCC Impact Fleet Experience
MMOD

+ Background / Facts:

— OV-102-17 impact damage to panel 5L discovered after STS-65 in
1994
+ Most likely cause is a micro-meteorite (MMOD)
— Hypervelocity impact to RCC components during flight is not
unusual
« 43 impacts occurred during the 21 flights sampled
+ Largest damage was 0.2"

* No through-penetrations occurred

[Pt MaMaterial [0 FINAL

WLE RCC Impact
Category: Potential Contributor

+ Findings (agreed to by Curry, Gordon and Grant):
- Impact energy design requirement is minimal
— Impact energy capability exceeds original design requirements
+ Recommendations (agreed to by Curry, Gordon and Grant}:
— Utilize foam impact test results to evaluate impact energy
resistance and adeguacy of current requirements
— Establish realistic launch/ascent debris types (foam, SLA, etc.} and

evaluate capability of WLE system to withstand the impacts via

testing and analysis
[Feses pi3Material |5 FINAL Eids 10 of 13
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WLE RCC Impact

« Documentation:
— Boeing Specification MJ070-0001-1E, “Orbiter End Item
Specification for the Space Shuttle Systems, Part 1, Performance
and Design Requirements, 7 Nov 02
Paper by D. Curry et.al,, "Oxidation of Hypervelocity Impacted
RCC", June 2000
— NASA TP-2000-209760, “Oxidation of RCC Subjected to
Hypervelocity Impact”, March 2000

— JSC Report 28768, “As-Flown Shuttle Orbiter Meteoroid/Orbital
Debris Assessment”, January 2000

— JSC Report 28404, “STS-87 Orbiter Meteoroid/Orbital Debris
Impact Damage Analysis”, 7 August 1998

~ JSC Report 28398, “Hypervelocity Impact Testing of RCC”, May
1998

— Briefing by M. Hasselbeck, “Space Shuttle Orbiter On-Orbit Impact

Critical Failure Criteria”, 17 June 1987
[ Mamaterial o FinaL T8l 12 of 13
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WLE RCC Impact

* Documentation:

— Briefing by H. Sharifzadeh, “On-Orbit Impact Thermal Analysis
Summary®, 11 October 1996

— Rockwell Report LTR4088-2427, “Investigation of RCC R/H Pansl
#10 Wing Leading Edge Impact Damage STS-45 (OV-104),
September 1992

— Rockwell briefing by S. Christensen, “Investigation Analyses of the
RCC R/H Panel #10 Impact From STS 45 (OV-104), 2 July 1992

— Report KL0-88-001, “Mission STS-27R OV-104 Flight 3 Thermal
Protection System Post Flight Assessment”, February 1989

— Rockwell Report, “Evaluation of Flight Experience and Test Results
far Ice Impact on Orbiter RCC and ACC Surfaces”, 26 November
1984

— Rockwell Procurement Specification MC621-0007, Leading Edge
Structural Subsystem — Shuttle Orbiter”, Rev E, 17 March 1983

— NASA-LARC Report TMX-74039, June 1977
[Pt MaMaterial [P FINAL | ERERREN (|
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RCC Production

Action / Issue: Determine adequacy of RCC production process
Background / Facts:

— Continuous production since 1973

— RCC compenent manufacturing flow days = 6 months

— Currently only limited production capacity exists due to low demand
for parts

— RCC part deliveries = 943 to date

— Production of 7 T-Seals, 1 Chin Panel and 2 Panel/T-seal assemblies
in work

— NDI is performed after initial part cure and after the final pyrolysis
cycle

— Ultrasonic NDI is performed after the same processing steps and after
the SiC coating process

— Centrol panels are fabricated in parallel with RCC part production

| e T [o= oo i)

RCC Production
_RCC Paper Review Summary
. were and ‘were noted
ing to the 9
+ A MR rationaie is BOUNT OF dOBS L
compiately.

+ B: Drawing requirements Incarmactly incorperaied, incomplets, of missing (2.
proper

- D: Retost incomplets, incorrect, or missing
+ E: Data rocorded Aot within spocified limits.
+ F:Papor has opoen work slops.

* G: Wrong steps worked

* H: MR rationale present hut not campiete (Le. rationale sound, but not ail
signatures prosant)

* I Caution steps missing in work order planning
= J: Other
27003
P 3 aterial | % FINAL e 3943“
RCC Production

—RCC Paper Review S\ v_{conti d})
+ Category F: 41 observations.
« EX. Various steps in planning nol stampod.
+ Category H: 7 observations.
< Ex. On material review action, the cofrective action is inconclusive
+ Category i: 1 obsorvations:
« Ex. Miissing caution stops
+ Catogory J: 120 chsarvations
+ Ex No dates next to siamps
+ Ex. Doletod planning with out Signamre or stamp

sty
TGEING

Preverier 3 Material ] 5 FINAL Sie smsm

RCC Production

_RCC PAPER REVIEW

* Paper review was conducled in Daltas from 4/25 - 5i1 with a five
member team
+ Temm consisted of the following:
* Brad Tipion - Bocing TPS M&P
+ Al Nasserl - LMMFC.D
* Bob Brown - SAIC 5t NASA JSC
+ Tim Lawrence - NASAMEFC/EDIL
+ Lary Austin - USA

of of all
documents related to left wing RCC panels 5-10 including metal
‘hardware

= Each document was reviewed by at least two team members

Preeari 3 Material ] °™  FINAL 20 [

RCC Production

-BCC Paper Review Summary (continued)

= Total of 198 observations made during review
+ A majority of tha observations were documentation iasuss only

+ Many TOLGN Process. Bfed wwit] pot
ecur loday
+ Nong of the observations would have an adverse offect on the finst RCC pars
+ The obsarvations made by the review team break down as follows:
+ Category A: 9 obasrvations
+ Ex Dispo WRE.
Issue was never resubmitiad to MRS

+ Catogory B: 10 absarvations
* Ex. E0O. requites adding slops lo cperations in planning. The sieps were not
* Category C: 4 observations
+ Ex. Discrepancy shoel states ko parfonm debulk aporation without reforence
10 ropr spécicationta e

Pt 3Material ] P FINAL Side 4msm

RCC Production

Findings (agreed to by Curry, Gordon and Grant):
— NDE technique and processes utilized at the supplier are out-dated
— Low volume production work may result in poor quality
— Senior personnel at LMM&FC have assessed the potential for NDE
to inspect for substrate mass loss as improbable
Recommendations (agreed to by Curry, Gordon and Grant):
— Increase the fidelity and capability of NDE methods and equipment
utilized during the production and refurbishment of RCC parts

— Ensure NDE personnel training and skills

[Preserer i material o FINAL =
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RCC Production

Documentation:

— CAIB Trip Report, “Report of a Trip to Lockheed Martin Missiles and
Fire Control”, 17-18 March 2003

— Lockheed Martin Specification 508-RCC-40A, “Process
Specification for Fabrication of RCC Compasites from Phenolic
Impregnated Graphite Fiber”, 26 November 2001

- Lockheed Martin Specification 508-RCC-122, “Process
Specification for Double Type A Coating Enhancement”, 29 March
2000

— Lockheed Martin Specification 508-RCC-42, “Process Specification
for TEQOS Impregnation”, 29 March 2000

[Pevsmr Mamatenal [ FINAL s 7ors [oigeRd)

RCC Production

Documentation:

— Lockheed Martin Specification 508-RCC-76, “Process Specification
for Type A Coating Enhancement”, 29 March 2000

— Boeing Report KLO-98-008, * Leading Edge Structural Subsystem
and RCC Reference Manual”, 19 October 1998

— Vought Specification 205-21-001C, “Acceptance Test Criteria for
LESS Wing Panel Assemblies”, 5 November 1981

— Vought Report 2-42211/6NDT-02, “Ultrasonic Decibel (dB)
Measurement of LESS Components”, 30 June 1976

P \igMaterlal |0 FINAL sice smam
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RCC Mission Life

Action / Issue: Determine adequacy of RCC mission life analysis
methodology
Background / Facts:
— Oxidation rate is the most important parameter to determine
mission life
+ Function of temperature, pressure and heating time
* Resulting mass loss reduces part strength

— Repeated exposure to the flight environment degrades the
oxidation protection system and increases amount of mass loss

— Mass loss rate characterized by laboratory testing

[Preserter pi3Material | B FINAL [Side 7o 23

RCC Mission Life

Background / Facts:
— Arc jet test at Ames and JSC in 1973 first revealed mass loss with no
apparent dimensional changes
— Database generated for non-TEOS material

+ Arc jet and radiant exposure tests at JSC, ARC, LARC and
Rockwell

+ Established strength reduction as a function of mass loss
+ Mass loss greater in plasma arc jet (convective) than radiant tests

+ Mass loss correlation (radiant/convective) developed from the test
results (see charts 7 and 8 for convective heating results)

+ Established need for improved coating system

[Prosemer “MaMaterial [P FINAL [swe 3023

RCC Mission Life
Material System Evolution

Background / Facts:
— TEOS infiltration system baselined for OV-102 in March 1976

+ Mass loss correlation for radiant and convective heating
developed in 1978

— Surface porosity effects on mission life discovered in December 1978
— Type A sealant developed in 1980 to seal surface porosity

+ Retrofitted anto OV-102 after 5 flight

+ Mass loss database developed in 1984

Double Type A (DTA) sealant developed to increase mission life
« Baseline for OV-105 and all new parts
+ Mass loss database developed in 1994

e I s 5 of 23

RCC Mission Life

Silicon
Carbide
.La_yer
(0.02" to 0.047)

Oxidation at
_SiC / Substrate
Interface

[sioe 3 of 23
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RCC Mission Life

Mass loss Mass loss
fimit for limit for
e external

surfaces is suraces ks
0.10 psf 0.03 psf
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RCC Mission Life
Convective Mass Loss Correlation

Background / Facts:
— RCC/SIC/TEOS/Type A material system plasma arc jet tests for
convective mass loss conducted at JSC in 1984

» 40 total specimens, 2 each at 20 combinations of temperature
and pressure

« Temperature ranged from 1000 to 3000 F
« Pressure ranged from 0.01 to 0.05 atmospheres
— Test results summary
+ SiC erosion occurred at temperatures at 2800 F and above

+ Specimens exposed to temperatures at 2700 F and below did not
indicate a thickness change

+ Mass loss rates increase rapidly above 2500 F

+ See next 2 charts for actual results
[Prsermr ~ p3iMaterial [P FINAL [a g of 23
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RCC Mission Life
Determination

Background / Facts :
— Determination of mission lives due to operational aging includes
both thermal and structural analysis results
+ Thermal analysis determines mass loss based on certification
mission profiles (closest match to each actual mission)
« Structural analysis determines strength based on air loads and
thermal loads
— Margin of safety is determined for longest possible mission life
while preserving the required factor of safety = 1.4
— Mission life limits are documented in NSTS 08171, Operations and
Maintenance Requirements Specifications Document, File 11,
Volume 3

[Presermer p3iMaterial [P FINAL [si%e 9o z3

RCC Mission Life
Margin of Safety Versus Factor of Safety

« Background / Facts :
— MS = (Allowable Stress / Applied Stress * FS) - 1
- MS = Margin of Safety
* Required to be 0 or positive
— FS = Factor of Safety
+ Shuttle program uses 1.4
* USAF, USN, commercial aircraft use 1.5
Allowable stress based on mechanical design allowables database
generated from over 2000 RCC specimens (A-basis, 99% of
material expected to exceed the value)
« Allowable stress for material generated for material at mass loss
cut-off limits
When we hear that a location has a reduced “factor of safety” — it
really means a negative margin of safety (reduction of FS is
typically not an opliony
- SRB ETA ring is an example of a liberal allowance of a FS
reduction — issue only known for 24 hours prior to ET tanking
meeting

[Pruenr 3iMaterial [P FINAL [5ie 10 of 23

RCC Mission Life
RCC Allowable Stress for Some Properties

ROOM TEMPERATURE STRENGTH
= = AS-FABRICATED
" - — MASS LOSS = 0.03 LBS/FT2

ALLOWABLE

STRESS - KSI
o w
T

19 plies = 0.24” thick, 38 plies = 0.5” thick

[Presersr “aMaterial O™ FINAL [es 410023

RCC Mission Life

+ Background / Facts :
— 0OV-102 RCC components were not coated with Type A sealant for
the first 5 missions — reduced mission lives from other orbiters
— RCC Refurbishment intervals established to replenish Type A
sealant to achieve desired mission life
— Minor repair capability developed to allow for continued operation
between scheduled OMM downtime

— Minimum predicted life for WLE RCC component on OV-102 is 50

missions for panel/seal 9 assembly

e k17 of 23
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RCC Mission Life
Results for OV-102, Panel 9

(LB/SQFT)

o o
B B2

CONVECTIVE MASS LOSE

o
=
J

¢ 10 0 i 0 5 60 70 80 80 10
NUMBER OF MISSIONS.
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RCC Mission Life
Destructive Testing

4

+ Background / Facts :
— Destructive testing performed on OV-102 panel 12R (15 flights) and
panel 10L {19 flights) to compare to design allowables
+ Documented in LMM&FC report 221RP10558, Sep 1996
+ Data is limited and significant scatter exists, however test
results indicate trends worse than expected (see next charts)
— Tension test results below allowable at 0.02 psf (not 0.03)
- Lug test results below allowable at 0.02 psf (not 0.1)
— Opening corner moment below allowable at 0.01 psf (not
0.03)
— Destructive testing planned for OV-103 panel 10L exposed to 30
flights

e [#5 150123 [

RCC Mission Life
Destructive Test Results

RCC Tension Test Results

; < T=3000

= Panel 12R
4 Panel 10L
— 13 Ply Allowable
— Linear EPlnlI 12R)
— Linear {Panel 10L]
- Linear g:zsm
~— Linear {T=3000/

i |
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Mass Loss (psf)
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Mission Life

RCC Mission Life
0OV-102 Mission Life Limits

0V-102 Wing Leading Edge

Panel ! T-Seal Assembly

Mo® o U oW ow o owon oz

Preeenter 13 Material

[oss  FiNAL

== 14t 23

Ftu (psi)

RCC Mission Life
Destructive Test Results

RCC Tension Test Results
‘OV-102 Panels Compared to Design Allow able

® Panel 12R, 15 Fits
4 Panel 10L, 19 Fits
— 19 Ply Allowable

—Linear (Panel 12R, 15 Flts} ""
= Linear (Panel 10L, 19 Fits)
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Load at Failure (pounds)

RCC Mission Life
Destructive Test Results

RCC Lug Test Results

= Panel 12R & 10L

— Allowable
| = Linear (Panel 12R & 10L
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Mass Loss (psf)
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Load at Failure (pounds)

RCC Mission Life
Destructive Test Results

RCC Opening Comer Moment Test Results
OV-102 Panels Compared to Design Allowable

-
o b = Panet 12R & 10L
- — Allowable
w
-
o oo0s oot wors a ven B

Mass Loss (psf)
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RCC Mission Life
Category: Potential Contributor

Recommendations (Agreed to by Curry):

— Develop a plan to conduct destructive testing of flown RCC
components that addresses:

Extensive NDE to select test specimen locations

Predicted mass loss rates and corresponding reduction in

mechanical properties versus actual test results

Type A sealant loss on OML

Pinhole impact on coating adherence and mechanical property
reductions

Oxidation associated with craze cracks

Substrate oxidation impact on mechanical properties

Impact energy resistance due to launch/ascent debris
— Conduct testing of flown hardware ASAP per above plan

[Fresectes 3material [P FinaL [ 21023 |

RCC Mission Life

Documentation:

— Paper by A. Eckel et.al, “Oxidation Kinetics of a Continuous Carbon
Phase in a Nonreactive Matrix”, 4 April 1995

— NASA TM 106793, “Thermochemical Degradation Mechanisms for
RCC Panels on the Space Shuttle, N. Jacobson, January 1995

— NASA TM 104792, "Analysis of the Shuttle Orbiter RCC Oxidation
Protection System”, D. Curry et.al., June 1994

— AIAA 94-2084, “Ablation Analysis of the Shuttle Orbiter Oxidation
Protected RCC”, June 1994

— DIR NO. 3-53200/RCC/4-0006, “June 1984 Convective Mass Loss
Correlation”, 28 June 1984

[Freserier p3Miatorial 0% FINAL 99 23 of 23

RCC Mission Life
Category: Potential Contributor

Findings:

Insufficient data exists to compare predicted mass loss and
strength to actual mass loss and strength on flown hardware due to
repeated exposure

However, results to date indicate need to accelerate additional
destructive testing of flown hardware

Only 2 tests were performed to determine oxidation associated with
craze cracks used to develop tactile evaluation method for coating
adherence reduction due to oxidation along interface

Recent NASA GRC examination of OV-102 panel 12R has
revealed coating and substrate anomalies that warrant further
investigation

[sie 20 of 23
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Documentation:

RCC Mission Life

NASA GRC Briefing by A. Calomine, “Microstructural
Characterization of RCC Materials”, 16 May 2003

NSTS 08171, Operations and Maintenance Requirements and
Specifications Document, File Il, Volume 3, “Limited
Life/Time/Cycle Items”, 1 May 2003

Lockheed Martin Report 221RP10558, “RCC Pinhole/Sealant Loss
Investigation”, September 1996

Lockheed Martin Report 221RP10551, “OV-102 Panel / Seal Set
10L Mechanical Properties Tests”, August 1996

Lockheed Martin Report 221RP 10539, “RCC Pin-Hole / Sealant
Loss Coating Adherence”, May 1996

[Prosecsr pampaterial [0 FINAL [o5 22 of 23

RerPoORT VoLumE V OcTtoBer 2003




COLUMBIA

ACCIDENT INVESTIGATION BOARD

¢c£ 00l

aplis

IYNIA  seq | L ANOID/AIVD  sjusseiy

sjusuodwo) OJY Jo 3AN

Jue[eas Vv odA] Jo Uoneionaleq

Sjusuodwio) DY Ul sejoyulg

SUONOY 9OUBUSIUIEN DO

Buiby — @oualiadxg J99|4
030},

Xje

121

RerPoORT VoLumE V OcTtoBer 2003




122

COLUMBIA

ACCIDENT INVESTIGATION BOARD

WLE Maintenance Actions

+ Action / Issue: WLE maintenance actions evaluated for negative trends
or damage experience not already incorporated into new OMRSD
requirements

+ Background:

— 3 RCC panel/seals have been replaced on OV-102
+ Replaced panel/seal 12R after 15 flights for destructive testing
* Replaced panel/seal 10L after 19 flights for destructive testing
* Replaced panel/seal 11L after 19 flights due to fit-up issues with
the new panel/seal 10L
— Removed panel/seal 11L (P/N 10211LA001)} is currently in the
spares pool

[ nomatene [ _ema

[

RCC Maintenance Actions

Suspected
Oxidation

At SiC and

Substrate
Interface

; o
OV-103-27, Panel 8L Coating/Substrate Loss (Jan 00)
Panel Scrapped
[== 3oz JETGERHY
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RCC Maintenance Actions

Suspected
Oxidation
At SiC and
Substrate
Interface

(2'Lx0.3"W
x 0.18"D)

0V-103-29, Panel 10L Coating/Substrate Loss (Apr 01)

[Prosemir “p3iMaterial [ FINAL

WLE Maintenance Actions

Background:
— 10 RCC panels and 8 seals have been repaired on OV-102
+ Repaired 7 panels and 6 seals on the left wing of OV-102
* Repaired 3 panels and 2 seals on the right wing of OV-102

— Refurbished 11 RCC panels and 12 seals on the left wing and 11
RCC panels and 11 seals on the right wing of OV-102

e |
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RCC Maintenance Actions

OV-102-26, T-Seal 11L Cavity (Dec 00)

[Froseoier 3 Material | O™ FINAL [ 4or20

RCC Maintenance Actions

OV Panel 1.
Repaived Damage
ot One Flight

F -
o

0OV-103-30, Panel 10L Repair (Aug 01)

Damaged After 1 Flight, Panel Scrapped

= v ol
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RCC Maintenance Actions

OV-102 Left WLE RCC PanelT-Seal Maintenance

E Replaced

[JRepaired
B Refurbished

Number of RCC Parts

Al |
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RCC Maintenance Actions

W Replaced
[1Repaired
Bl Refurbished

Bttt soddderctnll |

0OV-102 Left WLE RCC Panels

Number of Maintenance Actions

12 3 4 5 6 7T 8B 8 WM 12 W M7 I W W N 2
Panel/T-Seal Location

Pressmm 3 Matorial 0™ FINAL JEEEEE |

RCC Maintenance Actions

» Background / Facts:
— WLE RCC T-Seals cracks discovered on OV-104, 17R during
OMRSD turnaround inspection in 1991
+ All WLE RCC components inspected — no cracks discovered in
RCC panels
— 20 of 132 T-Seals were cracked, all within 0.5 inches of apex
+ OV-102: 11 cracked T-Seals, crack lengths less than 0.5 inches
— Determined to be normal shrinkage cracks, not visible with
unaided eye, all reinstalled in OV-102
+ OV-103: 1 cracked T-Seals, crack lengths up to 2 inches,
replaced with new spare
+ OV-104: 8 cracked T-Seals, crack lengths up to 2 inches,
replaced with new spares

[Frosmer " \i3Material o™ FINAL [#5 11 ot 20 JETEREH]

RCC Maintenance Actions

OV-102 Right WLE RCC Panel/T-Seal Maintenance

H Replaced

O Repaired

B Refurbished

Number of RCC Parts

I n | d I

161 TBZ 195 196 1985 186 1661 1SS 1WE 1900 1991 997 19S3 194 1995 196 1T 1995 1939 2000 2001 2002 2003
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RCC Maintenance Actions

OV-102 Left WLE RCC T-Seals

e
EReplaced

ORepaired
B Refurbished

Number of Maintenance Actions

12 3 4 5 & 7 B B 10 M 12 1 W4 1B W W 1B oW XN B

Panel/T-Seal Location
SR |
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RCC Maintenance Actions

Typical RCC
T-Seal
Cracks
(1991)
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RCC Maintenance Actions

Background / Facts:

— RCC T-Seal Cracking investigation documented in Rockwell Report
LTR 4088-2401, November 1991

~ Sectioned OV-104, 17R (worst cracking) and 18R (3™ worst case) for
failure analysis
= No substrate cracks
= Laminates significantly distorted
« OV-104 panel 17R had oxidation damage

— Removed coating from several other T-seals — no substrate cracks
found

— Conclusions from failure analysis (metallurgical, fractography, etc.)
= Cracks only in SiC layer

= Cracks due to variations in fabrication lay up process resulting in
different laminate distortions
[e= 130120 [ETGEEH)
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RCC Maintenance Actions

Background / Facts:
— Determined full length SiC layer crack does not affect static strength
— Analyzed full-length substrate crack
» Factor of safety > 1.4 for entry/landing
= Factor of safety = 1.38 for ascent
— Tested 2 T-seals for coating crack growth characteristics at a stress
level of 80% of design limit in 1991
* Tested OV-102 #9 left (between panels 9 and 10} for 400 cycles —
determined via analysis and inspection negligible fatigue damage
occurred and re-installed T-seal in OV-102
* Tested OV-104 RH #18 for 100 cycles - no crack growth, part
was scrapped for destructive testing

e T
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WLE Maintenance Actions

Background / Facts:
— 0OV-102 wing leading edge spars have a history of degradation due
to corrosion
« Design corrosion protection system was a single coat of
MB0125-055 primer (Koropon)
+ MBQ130-119 Type Il RTV adhesive applied as a galvanic barrier
on forward most plane of corrugated spar
« Design change incorporated at J2 OMDP to apply 2 coats of
Koropon and cover with RTV topcoat as moisture and galvanic
barrier
— Inspection process updated
+ Full inspection performed every 4 and % years (V30KG0.080
and V30LG0.060) which requires removal of all RCC panels
and associated support fittings and insulators
« Sampling inspection performed every 3 years (V30KG0.065 and
V30LGO0.065) for 6 panels per side
[ 170120 “
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RCC Maintenance Actions

Distorted
Plies
Region

Siite 14 of 20
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RCC Maintenance Actions

OV-104 RH 17 T-SEAL

RCC T-Seal
Fatigue
Test Setup
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WLE Maintenance Actions

Background / Facts:

— OV-102 inspections performed in conjunction with WLE
refurbishment per MCR18457 during J2 resulted in significant
corrosion findings

+ 41 doublers required on the right side
* Multiple doublers required on the left side

— Exploratory holes were drilled for core inspection and no corrosion

was detected

— Inspections during J3 did not detect evidence of corrosion on the
WLE spars

Presenier 3 Malerial Duie  FINAL
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WLE Maintenance Actions

Findings (agreed to by Curry, Gordon and Grant):
— More unplanned maintenance actions on OV-102 left versus right
wing RCC parts (varies with other vehicles)
— A fatigue tested T-seal was installed in OV-102
+ Determined most likely not a contributor to the accident

= However, the practice of utilizing fatigue tested components in a
vehicle should be discontinued

Recommendations (agreed to by Curry, Gordon and Grant):

— Determine root cause for all exterior damage found and adjust
maintenance requirements as needed

[Preserer i3 Material o™ FINAL

[5 1o of 20 FEIERE]

WLE Maintenance Actions

Documentation:
— Briefing by M. Gordon, “Orbiter LESS/RCC Summary Major Events
Since Last PRB", 29 March 2001
— Boeing Report KLO-00-006, “Space Shuttle Orbiter Thermal
Protection System Processing Assessment 20007, Appendix A and C,
17 October 2000
— Vought Letter 3-47200/2L-148, “Failure/Problem, Analysis and
Corrective Action Report (for Cracked T-Seals)”, 3 March 1992
— Rockwell Report LTR 4088-2401, “Shuttle Orbiter Leading Edge RCC
T-Seal Cracking Investigation™, November 1991
3hde 20 of 20 ﬁ
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RCC Pinholes

Action / Issue: Determine adequacy of pinhole corrective actions
Background / Facts:

— Pinholes first discovered on OV-102 after 12 flights in 1992

— Pinholes subseguently found on all other orbiters

- Pinhole size/quantity increased with flight exposure

— Testing was performed to determine root cause of pinholes based
on several theories

+ Zinc oxide contamination
« Sea mist salt contamination

» TEOS application

[Presnt 3 Material [P FINAL
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RCC Pinholes

Typical Pinholes (1992) First Discovered on OV-102-12

[
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RCC Pinholes

Background / Facts:

— OV-102 RCC panel 12R removed after 15% flight for detailed
destructive evaluation in October 1993

+ Reference Rockwell Report LTR 6322-4039, Dec 1994
Optical and SEM evaluation performed on 15 pinholes

= Majority of pin holes occur along craze cracks in SiC layer

« Typically in thick regions of SiC layer — indicative of porous
substrate
Pinhole glass chemistry determined
+ Silicon, oxygen, aluminum and zinc
Zinc not a part of the RCC material system — suggested
contamination from external source

6 samples collected from the RSS of pad 39A in July 1994 and zinc
was identified via chemical analysis

[Prssot paMaterial | P FINAL
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RCC Pinholes

"

0OV-102 Panel 12R After 15t Flight
Mouth of a Pinhole, Magnification Approximately 130X

Actual Pinhole Diameter = 0.01 Inches
[P MaMaterial o FINAL [e= 5o Jaioeg)

RCC Pinholes

3 Pinhole Through
Glass Exudate ik Cargice

Coating

Oxidation Cawty m Carhon Substrate 0.010 10 0.040 Inch Diameter
Pinholes Through Siiicon

Coating

RCC Pinhole Cross-Section RCC Pinhole Surface View

0OV-102 Panel 12R After 15" Flight
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RCC Pinholes

Background / Facts :
— Zinc oxide contamination determined to be root cause

Reference Boeing Report KL0-98-009, Launch Pad Zinc Fallout
Determination, 22 December 1998

Launch pad service structure protected with a two-coat primer
and topcoat system

Primer contains metallic zinc dust in a silica binder
Launch pad refurbishment process discontinued topcoat repairs

Weathering of exposed primer caused zinc oxide powdery
residue

Rain washed the zinc oxide onto the orbiter

During reentry, zinc oxide reacts with the SiC layer resulting in
pinholes and the zinc containing glass on the part surface

[Pessries iaaterial | FINAL
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RCC Pinholes RCC Pinholes

+ Background / Facts:

— NASA review of old plasma arc jet test specimens indicated
formation of small anomalies similar to pinholes but not typical of
flight induced pinholes

— Specimens with pinholes made from OV-102 panel 12R

+ Tested for 3.5 hours
= Temperature ranged from 2400F to 3000F

* Pressure ranged from 0.014 to 0.10 atmospheres

« Testing did not significantly change pinhole dimensions nor
substrate oxidation

- e

OV-102 Panel 12R Test Specimen Pinholes

[P amaterial [P FiNaL 7ot 1o [Gloaa] P \yMaterial |0 FINAL [ a1 [eiaea)

RCC Pinholes RCC Pinholes

+ Background / Facts: + Background / Facts :
— Inspection accept/reject criteria established
+ Documented in ML0OB01-0002, RSI Acceptance Criteria for
Operation Vehicles, 19 September 2002

— Developed Type A sealant refurbishment process at Lockheed-

Martin to repair pinholes

+ Process described in maintenance requirements portion of the
briefing
» Added step to fill pinholes with Type A sealant

+ Refurbishment does not prevent pinholes from reforming or

restore carbon substrate integrity

- Implemented refurbishment plan on all vehicles

« All pinhole-related glass formations are acceptable regardless of
the localized surface roughness associated with the formation
(paragraph 4.12.9.1)

+ Pinholes are acceptable during routine processing flows
(paragraph 4.12.9.2)

« Pinholes greater than 0.04 inches are unacceptable during
OMM (paragraph 4.12.9.3)

[Prver M3material P FINAL = nr|?- | e 1uur|s-

RCC Pinholes RCC Pinholes
« Background / Facts : Plate Fallout Rate (mg/ft*2iday) | 2003/ Zinc % Content
Location 1997 Avg 2003 1997
— Launch pad sampling conducted in 1997 and 2003 LH5/Plate & 45 0.66 0.14
. _ LH10iPlate 1 6.25 4.02 0.64 .
- Zinc fallout rate (mg/ft*2/day) comparisons: LH22Plate 5 5.08 533 0.88 159 862 0.55
+ Highest recorded value obtained in 2003 (8.69 | RHT/Plate2 | 529 19 9.3 0.49
s ¥ ( ) RH13/Plate 4 4,33 1.21 0.28 15.6 5.64 0.36
= Other 9 locations in 2003 less than 1997 resulis RH21/Plate 3 4.04 0.57 214 9.48 0.44
‘ NC/Plate 6 1.87 0.56 0.28 104 8.91
- Zinc % content comparisons: AH/Plate 7 216 0.49 0.23 11.5 8.75 076
RSS/Plate 8 439 0.44 0.10 18.8 9.07 0.48
+ 2003 results consistently around 9% with one exception MLPlNe:e 5.63 NIA NIA - NIA NA

+ 1997 resulls ranged from 10% to 25%

— See next chart for results by locations Highest values shown in red

[Preveeiet " M3material O™ FINAL S Mmmm P payMaterial |2 FINAL [ 1201 18
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RCC Pinholes

Findings (agreed to by Curry):
— Refurbishment intervals and process established to repair pinholes,
maintain sealant, and achieve maximum mission life
— Acceptireject criteria allows for pinholes greater than 0.04 inches in
service pravided the underlying substrate is not exposed
— 2003 launch pad zinc sampling indicates RSS is still a source for

zinc contamination and potential pinhole formation

[Prsersr pgjMaterial O™ FINAL
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RCC Pinholes

Documentation:
— NASA report KSC-5600-6256, “Launch Pad Zinc Sampling at LC-
398", June 2003

— NASA GRC Briefing by A. Calomina, “Microstructural
Characterization of RCC Materials”, 16 May 2003

— ML0601-0002, “Reusable Surface Insulation Acceptance Criteria for

Operation Vehicles”, 19 September 2002

Boeing Specification ML0601-9026, “Thermal Protection System

Material Review Maintenance Procedures”; TPS 365 “RCC Ceating

Repair®, 25 July 2002

— Boeing Report KL0-98-009, “Launch Pad Zinc Fallout
Determination”, 22 December 1998

— NASA TM-1998-208659,"Space Shuttle Pinhole Formation
Mechanism Studies”, November 1998

RCC Pinholes

Recommendations (agreed to by Curry):

— Consider taking action to minimize the potential of zinc
contamination by judicious maintenance of the topcoat andfor
protaction of the RCC material system from rain water

— Determine the number and size of pinholes expected based on the

current maintenance requirements and impact on structural integrity

Presantst 3 M aterial P EINAL Bl 44 of 16
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RCC Pinholes

Documentation:

— Technical paper by Jacobsen et al., “Oxidative Attack of
Carbon/Carbon Substrates Through Coating Pinholes”, June 1998

— Lockheed Martin Report 221RP10558, “RCC Pinhole/Sealant Loss
Investigation”, September 1998

— Lockheed Martin Report 221RP 10539, “RCC Pinhole/Sealant Loss
Coating Adherence”, August 1996

— Rockwell briefing by M. Gordon, “RCC Pinhole & Sealant Loss
Inspections at KSC”, 11 September 1995

— Rockwell Report LTR 6322-4039, “Examination of RCC Pinholes”,
December 1994

— Rockwell briefing by G. Tiezzi, “Porosity of RCC Wing Edge
Panels”, 7 September 1993

[Prooeoer p3/Material [0 FINAL S 16 of 16
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RCC Type A Sealant

Action / Issue: Deterioration of Type A sealant

Background / Facts:

— Discovered white residue on WLE RCC panels on OV-102, OV-104
and OV-105 in November 2001

— Lab results determined deposits to be sodium carbonate

- Root cause determined to be the Type A sealant converting to

sodium carhonate when exposed to rain water

COLUMBIA

Presanisr  pg3 Material Daln  FINAL

RCC Type A Sealant

Background / Facts:
- There are 3 possible outcomes for sodium carbonate deposits
« Deposits are washed off and removed
— Would decrease sealant effectiveness

« Deposits remain on surface, melt on re-entry, and combine with
glass

— Favorable outcome, restores the composition of Type A
sealant

« Deposits remain on surface, melt on re-entry, and flow to other
parts

— Potentially damaging and needs to be monitored

[Provermr ~p3Material  [™  FINAL Jsioe

RCC Type A Sealant
Locations With White Residue
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RCC Type A Sealant

Findings (Agreed to by Curry):

— Root cause determined and found not to be detrimental to RCC
— Deposits are potentially damaging to metallic hardware
Recommendations (Agreed to by Curry):

— Continue previous investigation of an improved sealant system

— Continue monitoring for patential flow of deposits onto metallic

hardware

[Frecerier " p3/Material | 0% FINAL
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RCC Type A Sealant

Action / Issue: Deterioration of Type A sealant
Background / Facts:

— Discovered white residue on WLE RCC panels on OV-102, OV-104
and OV-105 in November 2001

— Lab results determined deposits to be sodium carbonate

— Root cause determined to be the Type A sealant converting to

sodium carbonate when exposed to rain water

Freverier 3 Materal o FINAL St 1015_

RCC Type A Sealant

Background / Facts:
— There are 3 possible outcomes for sodium carbonate deposits
+ Deposits are washed off and removed
— Would decrease sealant effectiveness

+ Deposits remain on surface, melt on re-entry, and combine with
glass

- Favorable outcome, restores the composition of Type A
sealant

+ Deposits remain on surface, melt on re-entry, and flow to other
parts

— Potentially damaging and needs to be monitored

[Freserier pi3iMaterial 5™ FINAL = 30(5-

RCC Type A Sealant

Documentation:
— NASA Labs at KSC letter KSC-MSL-0127-2001, “White Deposits
Removed From OV-102, OV-104 and OV-105", 15 March 2001
— Briefing by N. Jacabson et al., *Chemistry of Sodium Carbonate
Deposits on the Orbiter Wing Leading Edge and Nose Cap”
— Briefing by D. Curry et al., “Orbiter Reinforced Carbon/Carbon
Advanced Sealant Systems Screening Tests”, January 2000

P 3 Material |0 FINAL s sors [le]

RCC Type A Sealant
Locations With White Residue
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RCC Type A Sealant

« Findings (Agreed to by Curry):
- Root cause determined and found not to be detrimental to RCC
— Deposits are potentially damaging to metallic hardware

+ Recommendations (Agreed to by Curry):
- Continue previous investigation of an improved sealant system

— Continue monitoring for potential flow of deposits onto metallic

hardware
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D |

RerPORT VoLumE V OcTtoBer 2003




COLUMBIA

ACCIDENT INVESTIGATION BOARD

RCC NDE

« Action / Issue: Determine NDE requirements for RCC components
* Purposes of NDI:
1. Verify no carbon substrate defects exist of a quantify and size
distribution that could result in structural failure
2. Verify no SiC/substrate interface defects exist of a quantity and size
distribution that could result in loss of the SiC layer and expose the
carbon substrate

3. Validate the mass loss analysis method/results and support

determination of mission life capability for each RCC part

[Pressrasrpramotonal [0 FiNAL

RCC NDE

OV-104-24, Panel 16R Defects (Oct 02)
Visual and Thermography Results
[Fraemer Mamatenal [P FiNAL
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RCC NDE

L MRVERY | e
75 CT Slices Were Obtained on OV-104-24, Panel 16R

[Frosemier ~ p3imaterial |9 FINAL [oi 5 of 25 [

RCC NDE

Basis for Purpose 1 (Carbon Substrate):
— Visual and thermography NDE results of OV-104 panel 16R
revealed surface and subsurface defect indications (see next chart)
— X-Ray computed tomography NDI technique performed by Wyle
Laboratories on same panel in Nov 02
+ Reference Wyle Laboratories Report, “CT Inspection of OV-104
RCC Panel", P. Engel, 22 November 2002
« 75 CT slices were obtained
« Subsurface defect indications were confirmed {see next 4
charts)

PRt g Materiel ] P FINAL [s= 2025 [iaa)

RCC NDE

OV-104-24, Panel 16R CT by Wyle Labs (Nov 02)

e T

RCC NDE

Subsurface
Indications

OV-104-24, Panel 16R CT Results (Nov 02)
[Frsesiar " s3imtaterial |5 FINAL [# gorzs "
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RCC NDE RCC NDE

« Basis for Purpose 1 (Carbon Substrate) Continued:
— A study was performed on OV-103 and OV-105 RCC panels using
thermography
« Reference briefing by KSC personnel
« Concentrated on panels 7 through 12, left and right

= All 24 panels appeared to be in good condition

— As an additional test, OV-103 panel 16R was inspected using
C) Subsurface Surface

s - th aph
Indications Defects emogEaphY

+ Subsurface defect indications observed (see next chart)

OV-104-24, Panel 16R CT Results (Nov 02)
[Preem=r " Mamatorial [P FINAL [# 7ores [Rlaal] [rrmer waMaterial_[o  FINAL [ s ores [T

RCC NDE RCC NDE

+ Basis for Purpose 2 (SiC Layer):
— 6 oceurrences of SiC layer loss or damage have been identified
= November 1997, OV-102-24 (STS-87), 3 damaged parts
— Reference Boeing Report KLO-88-002, March 1998 (no photos
included in report)
— Panel 19R, 0.04" diameter, 0.035" deep exposing carbon
substrate
— Panel 17R, 0.1" x 0.2" x 0.025" deep exposing carbon substrate
— Arrowhead, 0.2" x 0.15" x 0.026" deep exposing carbon substrate
« January 2000, OV-103-27 (STS-103), Panel 8L, panel scrapped
+ December 2000, OV-102-26 (STS-93), T-Seal 11L
» April 2001, OV-103-29 (STS-102), Panel 10L

0.234-0.651 Seconds (Averaged) 0.334-0.851 Seconds (Averaged)

0OV-103-30, Panel 16R Thermography Results (Nov 02)
[Presemer " Mamaterial [P FiNAL = 9&“ [Presem amtaterial [ FINAL [# 10ar2s
RCC NDE RCC NDE
Suspected
Oxidation
At SiC and
Substrate
Interface
OV-103-27, Panel 8L SiC Loss (Jan 00), Panel Scrapped OV-102-26, T-Seal 11L SIC Damage (Dec 00)
[Prevemer Maatorial > FINAL [#% 110125 Jaee)] [Prsemer " amiaenial [P FINAL [ zorzs [GIEH)|
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RCC NDE

Suspected
Oxidation
At SiC and
Substrate
Interface

(2"L x 0.3"W
x 0.018”D)

0OV-103-29, Panel 10L SiC Loss (Apr 01)
EREEES |
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RCC NDE
Type A Seatant Glaes Exudate Pém m Glass Exudate

Carbon
Subsirate

Oxidation Cavily in Carbon Substcale

0.010 10 0.040 Inch Diameter
Pinholes Through Silicon
Carbide Coating

RCC Pinhole Cross-Section RCC Pinhole Surface View

0OV-102 Panel 12R After 15 Flight
[ 5 orzc [l
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RCC NDE

« Basis for Purpose 3 (Mission Life):

— Destructive testing performed on OV-102 panel 12R (15 flights) and
panel 10L (19 flights) to compare to design allowables

* Documented in LMM&FC report 221RP10558, Sep 1996

— Data is limited and significant scatter exists, however test results
indicate trends worse than expected (see next charts)

= Tension test results below allowable at 0.02 psf (not 0.03)
* Lug test results below allowable at 0.02 psf (not 0.1)
= Opening corner moment below allowable at 0.01 psf (not 0.03)

- Results indicate mass loss prediction method should be revalidated

[#= 17 or2s FEiGEHY
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RCC NDE

- Basis for Purpose 2 (SiC Layer) Continued:
— Pinholes in SiC layer have potential to result in oxidation of the carbon
substrate and/or SiC/substrate interface
+ Majority of pinholes occur along craze cracks in SiC layer
= Typically in thick regions of SiC layer — indicative of porous
substrate
— Oxidation below the SiC layer has been discovered associated with

pinhole locations (see next charts)

Presmer 43 Material Dmte  FINAL

RCC NDE

Silicon
Carbide
Layer
(0.02” to 0.04")

Subsurface
Oxidation

e pamaterial |9 FINAL [#ie 16 of 25

RCC NDE

RCC Tension Test Results
0OV-102 Panels Compared to Design Allowable

® Panel 12R, 15 Fits

o] ? 4 Panel 10L, 19 Fits _‘
— 18 Ply Allowable |
suoo — Linear {Panel 12R, 15Flts) —

— Linear (Panel 10L, 19 Flis)

Ftu {psi)}
=

w s
[ ag0s. om aons o ox@s e

Mass Loss (psf)
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RCC Lug Test Results
0V-102 Panels Compared to Design Allow able

= Panel 12R & 10L
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Mass Loss {psf)
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Basis for Purpose 3 (Mission Life) Continued:
— X-ray Computed Tomography (CT) NDI technique demonstrated to be
viable for determining variable RCC mass loss due to oxidation
+ Reference Rockwell Report MPR 6146-2000, “Evaluation of
Carbon-Carbon Materials and Structures Using Computerized
Tomography Techniques”, March 1994
« Rockwell Report LTR 5928-2442, “Prediction of RCC Flexural
Strength Using CT Techniques”, September 1992
« Reference Rockwell Report MPR 5806-2020, “Determination of
Mass Loss coated RCC Carbon-Carbon Orbiter Structures”, May
1992

[PrssmrM3mMaterial [P FINAL
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RCC NDE

Findings (agreed to by Curry, Gordon and Grant):
- Damage and defects discovered on RCC components warrants
development of NDI techniques to verify structural integrity
Recommendations {agreed to by Curry, Gordon and Grant):
- NDE all flown WLE RCC parts ASAP to suppart investigation
+ Determine defect quantity and size distribution
+ Use results to determine what parts should be included in the
impact test program
— Identify and implement NDE techniques for carbon substrate and
SiC/substrate layer inspection as a return to flight criteria and for
routine use
— Develop and implement NDE techniques for carbon substrate mass
loss to validate analysis methods and results (need date is TBD)

[ 25 o1 25 Jaiaaue]

[Presermer ~ p3tatesial  [®™  FINAL

RCC NDE

RCC Opening Corner Moment Test Results
OV-102 Panels Compared to Design Allowable
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RCC NDE

+ Basis for Purpose 3 (Mission Life) Continued:

— MCR19643, “Develop a NDE Method for RCC Components”, 11
March 2002 was presented to the ERB

— Proposed a 3-year development program to develop a credible RCC
NDE program
+ Fabricate and characterize NDE standards
+ Down-select NDE technigues
+ Fully characterize RCC flight hardware via destructive testing
+ Validate analysis predictions of mass loss and strength reduction
using NDE results
— Right approach!!! — schedule can be accelerated

[ 220125 “
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RCC NDE
+ R dati Continued (agreed to by Curry, Gordon and
Grant):
— NDE technique development and application should address the
following

NDE standards
Probability of detection
Inspector certification requirements

.

Basis for accept/reject criteria

Basis for inspection frequency

How NDE results will be used in the mission life analysis

If production NDE techniques and processes are used,
demonstrate the adequacy to include detection capability,
accept/reject criteria, and implications to structural integrity via
mechanical testing as was performed originally

.
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RCC NDE

Documentation:

— Wyle Laboratories Report, “CT Inspection of OV-104 RCC Panel",
P. Engel, 22 November 2002

— MCR19643, “Develop a NDE Method for RCC Components”, 11

March 2002

Boeing Report KLO-98-002, "Mission $TS-87 OV-102 Flight 24

Thermal Protection System Post-Flight Assessment”, March 1998

LMM&FC report 221RP10558, “Final Report RCC Pin-Hole/Sealant

Loss Investigation”, September 1996

— Rockwell Report MPR 6146-2000, “Evaluation of Carbon-Carbon

Materials and Structures Using Computerized Tomography

Technigues”, March 1994

Rockwell Report LTR 5928-2442, “Prediction of RCC Flexural

Strength Using CT Techniques”, September 1992

Rockwell Report MPR 5806-2020, “Determination of Mass Loss

coated RCC Carbon-Carbon Orbiter Structures”, May 1992

1
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RCC Maintenance Requirements

* Action/Issue: Determine adequacy of RCC maintenance requirements
« Background / Facts:

— RCC inspection requirements are documented in NSTS 08171,
OMRSD File 111, Volume 9 and Volume 30

« Inspection methods are primarily visual

* Tactile pressure test of large craze cracks performed to identify
excessive subsurface oxidation

= Accept/reject criteria established for expected defect types and
locations

P amaterial ] O™ FINAL sie 10{5m

RCC Maintenance Requirements

+ Background / Facts:
- Inspection acceptireject criteria are documented in ML0601-0002,
RSI Acceptance Criteria for Operation Vehicles, 19 September 2002

* Craze cracks with gap width less than 0.003 inches are
acceptable

» Flaking of Type A sealant is acceptable when depth is less than
0.015 inches

+ 8iC chips, scratches, or abrasions are acceptable when depth is
less than 0.015 inches and the substrate is not exposed

+ Pinholes are covered in the aging portion of this briefing

| M3Material [om FiNAL [ 3015 [

RCC Maintenance Requirements

* Documentation:
— NSTS 08171, “Space Shuttle Operations and Maintenance
Requirements and Specification Document”; File Ill, Volume 9,
“Thermal Protection System”, 21 November 2002
NSTS 08171, “Space Shuttle Operations and Maintenance
Requirements and Specification Document”; File Ill, Volume 30,
“Airframe Inspection”, 1 May 2003
— MLO601-0002, “Reusable Surface Insulation Acceptance Criteria for
Operational Vehicles”, 19 September 2002

— Lockheed Martin Engineering Specification 508-RCC-43, “Process
Specification for Split Bushing Removal and Installation”, 29 March
2000

Proseol 3 Material Dir  FINAL i 5of 5 fig

RCC Maintenance Requirements

Background / Facts:
— RCC tactile pressure requirements are documented in NSTS 08171,
OMRSD File Ill, Volume 9, Number V09AJ0.075

+ Use compressive gloved-finger tachnique only at the inboard and
outboard regions adjacent to each T-seal of each panel

* Region limited to within 12 inches of panel apex

« Panels 6 through 17 are inspected as a minimum

« Additional panels may require tactile inspection based on craze
crack sizes

P 3 Material | 9% FINAL s 701 5 [

RCC Maintenance Requirements

Findings (agreed to by Curry, Gordon and Grant):
— Established maintenance requirements are thoroughly documented
- No NDE technique is routinely employed during maintenance of RCC
— Inspection requirements and accept/reject criteria appear to be
difficult to implement consistently

— Protection of RCC during maintenance is inadequate against tool
drops, impact from maintenance stands, etc.

Recommendations (agreed to by Curry, Gordon and Grant):

— Improve the protection of RCC components in the maintenance
facilities

— Reevaluate adequacy of maintenance requirements considering
inspection burden and reliability of visual method

[Proserme ~ paimaterial [0 FINAL =
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RCC Repair & Refurbishment

= Action/lIssue: Determine adequacy of RCC repair and refurbishment
requirements

+ Repair Process:

— Repairs are performed using Boeing Specification ML0601-9026,
Procedure TPS-365, RCC Coating Repair

— Repairs to RCC parts limited to minor damage to Silicon-Carbide
coating

+ Repairs are performed at KSC
+ Not authorized for pinholes and substrate damage
— RCC repair involves the following process steps:
+ Part cleaning
« Type A sealant application
+ Sanding of repaired region to meet flushness requirements

[Prsemier p3Material [P FINAL =
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RCC Repair & Refurbishment

Refurbishment Process:

— Refurbishments are performed using Lockheed-Martin Specification
508-RCC-318, Refurbishment of Flown RCC Parts, 16 February 2000

— Refurbishments to RCC parts performed to achieve the desired part
mission life by replenishing the Type A sealant
- Refurbishments performed by only Lockheed-Martin using the
following process:
+ Type A sealant removed by sanding
Vacuum heat clean to bake-out contaminants

Pinholes repaired using Type A sealant forcefully wiped into the
holes

TEOS impregnation and cure

Type A sealant application and cure

Reassembly of the metallic parts to the RCC panel
[Posermr ~ MamMaterial [P FINAL Josae

RCC Repair & Refurbishment

Pinholes :

Craze
Cracks

0V-102-17, T-Seal 9L After Sanding During
Refurbishment, Magnification Approximately = 10X

[Prossomr pM3Material O™ FINAL =3

RCC Repair & Refurbishment

Background / Facts:
— Refurbishment interval established based on destructive evaluation of
OV-102 panel 12R after 15" flight
+ Reference Rockwell Report LTR 6322-4039, “Examination of
RCC Pinholes”, December 1994

= Evaluation performed to characterize pinholes
+ Discovered that OML is losing the Type A sealant layer

— Type A sealant thickness measured near 5 pinholes
= Minimum ranged from 0.0001 to 0.0002 inches

* Maximum ranged from 0.006 to 0.0014 inches

e T

= Tl

RCC Repair & Refurbishment

Type A Sealant
Thickness Range
10.0002 to 0.0014

- Inches

kT

OV-102 Panel 12R After 15" Flight
Pinhole Cross-Section, Magnification Approximately 200X

[ oo [ e =
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RCC Repair & Refurbishment
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Pinhole Specimen Number (5 Pinhole Reglons Examined)
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RCC Repair & Refurbishment

Background / Facts :

— Since significant substrate oxidation was not found with panel 12R,

established refurbishment interval to be every other OMM
— Approach was supported by arc-jet testing in the mid-1990s
— Refurbishment intervals are documented in OMRSD File Il, Volume 3
+ 18 missions for panel/T-seal assemblies 6 through 17
+ 36 missions for panel/T-seal assemblies 18 and 19

« Implies no refurbishment is required for panel/T-seals 1 through 5
and 20 through 22

[Preemmr M3 Material | P FINAL s 7ot [oiga)

RCC Repair & Refurbishment

Documentation:

— Briefing by M. Gordon, “STS-107 Mishap Investigation Team Action
Item OVE-195, RCC Specifics for CAIB Item B1-0036", 13 March
2003

— Boeing Specification ML0O801-9026, “Thermal Protection System
Material Review Maintenance Procedures”; TPS 365 “RCC Coating
Repair®, 25 July 2002

— Lockheed Martin Letter 3-47200/2L-129, “RCC Coating Repair
History”, 16 May 2002

— Vought Letter 3-47200/5L-276, “Refurbishment of OV-102", 1
November 1995

— Paper by 8. Williams et al., “Ablation Analysis of the Shuttle Orbiter

Oxidation Protected Reinforced Carbon-Carbon”, September 1995
Rockwell Repart, “Field Repair of RCC Coating Advanced TPS Flight
Demonstration”, August 1993

[Preeror \3Material |5 FINAL EEEER |

RCC Repair & Refurbishment

» Findings (agreed to by Curry):
— Refurbishment of panel/T-seal assemblies 1 through 5 and 20
through 22 are not required
+ Recommendations (agreed to by Curry, Gerden and Grant):

— Conduct evaluation of RCC panels to determine Type A sealant
thickness loss rate at various locations as part of the planned

destructive testing of RCC panels

— Use above result to confirm or revise current refurbishment intervals

P paMateral P FINAL = mg
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RCC Maintenance
OMM in 2000

Action / Issue: Determine potential for left WLE maintenance actions to
be a contributing cause of the accident

Background / Facts:
— OV-102 inducted into OMM after STS-93, 26" flight for OV-102
— OMM conducted at Paimdale October 1999 through February 2001
— All WLE RCC components were removed to accomplish required
inspections
— RCC panel/T-seals 8, and 13-17 were refurbished
— RCC parts were inspected for pinholes, etc.
* Pinholes in Panel 8 and 19 originally reported > 0.04 inches in
diameter (TES-2-J3-0412, 0416)
*+ Quality evaluated pinholes using optical comparator and
determined them to be within acceptable limits

[P haMaterial [P FINAL = mnw

RCC Maintenance
OMM in 2000

OV-102 Fastener Detail
SPAR INSULATOR
VOTO-1804KX
{ RECESS3 THICKNESS A,)

SPAR FITTING
HONEYCOMB :
WLE SPAR VOTO-1962XK

DESIGN CONFIG WASHER
BONDED ALUM PLATE
RIVETED NUT PLATE UPPER BOLT
.062° THREAD RELIE/ e} . MO111-4027-D6%X

LOWER BOLT

" CONFIG _g é O 11-40Z7-055K
WASHER AN HUT
ROUND SHIMS
N THREAD RELIEF {THICKNESS B}
CONDUCTIVE
SPACER SOUARE SHIVS
(THICKNESS Ayi iTHICKNESS Agi
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RCC Maintenance
OMM in 2000

+ Background / Facts :

— Improper shims resulted in shank-out condition in some locations
« Observed in MR nut and washer rework areas only
« Shim stack returned to original build configuration

— Bolt torque sequence standardized to reduce panel torsion and

deformation

+ Sequence steps and torque increments defined
= Torque checked after a minimum of 24 hours

— Both OV-102 wings reworked to design configuration

— Boeing Specification ML0O301-0023 installation procedures revised

[Prosermr M3 matorial [P FINAL Tsme 50f13

RCC Maintenance
OMM in 2000

= Background / Facts :
— After re-installation of the RCC components, step and gap
measurements were found to be unacceptable (TES-2-J3-0485)
— Complete removal of Left WLE subsystem was performed and the
following issues were discovered
« Spar fitting shims not per design (STR-2-J3-7033)
= Lower access panel nutplate issues (STR-2-J3-6689)
+ Debonded nutplates, low running torque and damaged nuts (TES-
2-J3-0439)
— Evaluated 152 of the 176 fitting fasteners (24 were not evaluated
since some fittings were already removed)
« 104 of 152 (68%) were per drawing requirements
+ 48 of 152 (32%) had low torque values
[Precomser " N3Material |5 FINAL [5 2or13 m

RCC Maintenance
OMM in 2000
Rib Sphce—gp 1 2 3 [
Upper Spar Y BN e
Fintings LL o LE
Lower Spar T T £ ¥
Fittings rr@LrBL T
Fib Sphcep 12 7 " 15
Uppst Spar A B R
Fittings ¥ Ty L3
Lower Spar ¥ T T
Fittings. LT : I A
Fll = Twht boht met apsc ificed lorue
(W = Low torque. below 160 inelb flower) or 375 inslb fupperi a8 2%
[N]= ot perbimad due to ftting removal 24
OV-102 Left Wing Torque Check Results
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RCC Maintenance
OMM in 2000

Rib Sphca—gp 1 @ 4 5 13 7 L]
s+ H ﬂ Fa i FH FH
“ras-EH P

Rib Splca—ge 12 ] 14 %
Lipper Spa [FT¥]
Fittings.
Lowes Spar
Fitings V7]
Totals
= Muapio - Gusign Conbguration with no Shank D1 a
= Mt & Washer - LIR Rework with no Shonk Tt R
= B & Waeher - LIR Resok with Shank Out ®
= Bliod Bt - MIR Reworh with no Shank. tu 2

OV-102 Left Wing Fastener Shank-Out Check Results
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RCC Maintenance

2. WLE Attach Fitting Bolt Torque

UA Ciosure Team

RBelated Fault Tree Block
- SFOML Wing 8-19 Loss of RCC Panel Due to Supporting Structure Failure

Fin

- Experience at the OV-102 OMM in Paimdale resulted in the program establishing a
new baseline procedura for lorquing the LESS attach fiting bolts.to assure proper
preload.

- Not all attachment fittings have been torqued per the new procedure.

OV-103: All RCC panels are currently off the vehicle end undergoing inspection par
OMRSD. All fittings are off and will be torqued per the new procedure.
OV-104: Twalve panals (9-11 and 20-22) are now scheduled for removal and
inspection this flow per existing GMRSD 3 year raquirement.
8 fittings are scheduled for remaval and torque per the new procedure.
OV-105; Al fittings have been removed and will be torqued per the new procedure.

inkaemation arey. . 8
05 NG FORWARS.
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RCC Maintenance
After STS-109

Discoloration Near Panel 15L

Ball of Masking Tape

RCC Maintenance
After STS-109

+ Background / Facts:
— STS-109, 27* flight for OV-102 launched 1 March 2002
— Post-flight processing performed May 2001 through Jan 2002
— Upper wing discoloration discoveraed near panel 15 left
— Upper and lower access panels removed for inspection
— Baseball size hard object found
+ Most likely glass-backed white masking tape

« Tape used for paint masking may have fallen into RCC cavity
during OMM
— Area cleaned and accepted with MR concurrence

[Pt pamaterial [P FINAL

0V-102-27, Post Flight Inspection
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RCC Maintenance
Before STS-107

« Background / Facts :
— RCC angle seal 1L was removed to replace horseshoe gap filler
— During bushing remaval, the load applied was not calculated

« Boeing specification MLO301-0023 states loads applied to RCC
components should be kept below 30 pounds

= PR disposition specified RCC loading should be kept below 20
pounds

— Clevis fitting damaged during removal of the bushing
= Replaced bolt and bushing

+ Damaged region was polished

RCC Maintenance
Before STS-107

« Background / Facts:
— Pre-flight processing performed Mar 2002 through Aug 2002
— STS-107, 28" flight for OV-102 launched 16 January 2003
— OV-102 left wing horseshoe gap fillers were removed and replaced
at panels 1, 19 and 20
+ Gap filler repaired during OMM J3 and found torn following
STS-109

Presssdsl g3 Material Do FINAL Sike 10 of 13
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RCC Maintenance OMM & Flows

+ Findings (agreed to by Curry, Gordon and Grant):
— S8ignificant WLE maintenance performed during OMM J3
— Few maintenance actions after OMM J3 and prior to STS-107
- Not all the fittings on OV-104 are scheduled for bolt torque prior to
next flight
+ Recommendations {agreed to by Curry, Gordon and Grant):

— Perform torque of OV-104 attach fitting bolts prior to next flight

Prssot M3 Material | O™ FINAL
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RCC Maintenance
OMM & Flows

* Documentation:

— Briefing by R. Herman, “J3-OMM/STS-109/STS-107 Left Wing
Composite Review for Mechanisms, Thermal Protection, and
Structures Systems”, 2 April 2003

— Briefing by E. Statham, “Paimdale Processing Review Team Status
Briefing”, 25 February 2003

— Briefing by M. Gordon, “5TS-107 Mishap Investigation Team Action
Item OVE-150: Summary of LESS Work Performed Between J3
OMM and STS-107 Flow", 24 February 2003

— Briefing by M. Gardon, “OV-102 WLE RCC Panel Fitting Installation
Issues”, 13 November 2000

[Freseries 3 Material ]2 FINAL s 130113 [Eleed
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RCC
Maintenance
Maintenance Practices: LESS Hardware Use

* Action /Issue: Review/assess orbiter Leading Edge Structural
Subsystem (LESS) maintenance practices regarding hardware use
= Background:
— LESS consists of:
+ 22 Reinforced Carbon-Carbon (RCC) panels on each wing
+ 44 carrier panels: 22 upper, 22 lower on each wing
+ Numerous other components (spar insulators, clevis insulators,
spanner beam insulators, attach fittings, brackets) and hardware
(balts, pins, sleeves, etc)
— LESS subjected to thermal and aero stresses during reentry

+ Proper inspection/maintenance of components essential to system
performing as designed/intended

[T MaMaintenance [ FINAL s> 1ors [l

RCC
Maintenance

Maintenance Practices: LESS Hardware Use

« Findings (cont'd):
+ Unlike the predominance of WADs reviewed, the C/P WADs
provide no clear guidance on hardware disposition
— Both WADs (removal and installation of C/Ps) reviewed
- No specific requirement to clean, inspect, or reuse (or replace)
+ By contrast, WADs covering removal of RCC panels clearly
state “...identify, bag and retain hardware for future use” with
respect to four separate component removals
- Verified through physical inspection of removed components
— Inconsistent/lacking guidance allows varying interpretations and
creates the potential for process variation(s)

Prvermr
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RCC
Maintenance

Maintenance Practices: LESS Hardware Use

i w—

b AN
PRS-
Fubrusry 24, 2008
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RCC
Maintenance

Maintenance Practices: LESS Hardware Use

Findings:
- Work Authorization Documents (WADs) very specific on most
tasks

— One exception: carrier panel (C/P) hardware (A286 bolt) reuse
+ 4 bolts per upper panel, 2 per lower panel
« Engineers initially stated bolts are reused
* Technicians stated hardware is discarded/replaced
+ Inspected multiple storage containers holding removed C/Ps

— No bolts found

« After further discussion, engineers restated bolts “can be
reused” at technician’s discretion, based on cleaning {using
isopropyl alcohol) and visual inspection

[T Mamsintenance [ Fina oo

RCC
Maintenance
Maintenance Practices: LESS Hardware Use

Findings (cont'd):
— Results of investigation by metallurgist
+ “There was no evidence of stress corrosion cracking at pre-
launch conditions. There was no evidence of cumulative
failures that started on previous missions.”
Recommendations:

— Eliminate the potential for varying interpretations of carrier panel bolt
reuse by making the WADs mare specific

Prevarar
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Tile Tile
Design — Certification Design — Certification

+ Action /issue:
— Debris impact resistance of the tile TPS may be
below safe levels.
+ Background / Facts:
— Current design requirements for impact damage as
follows [17]:

+ The TPS shall not be designed to
accommodate particle impact (such as from
hail, rain, runway debris, meteoroids, etc.)
whose kinetic energy levels exceed 0.006 ft-lb :
to the surface normal. « Other service induced damage could include 8TS-27R

+ The Orbiter shall not be designed to withstand undetected cracks along the densified layer in
launch debris or ice. the tile

— Yet, tile damage occurs with every flight. In some + Maintenance induced damage would include
cases localized structural heating due to the undetected cracks incurred during
damage has been severe and could have caused maintenan tepping on “piano key" til
loss of vehicle if located at another location [16] AN HQrEisRTT on By 1
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+ Background / Facts (cont’d):

— For the orbiter, TPS damage tolerance could be
defined as the attribute that permits it to retain the
required thermal protection for reentry after the
structure has sustained described levels damage

— Damage

+ Impact damage would include impact incurred
during any phase of the mission

STS-27R, OV-104, Flight 3 Composite of Post-Flight Damage

Robert “Hoot” Gibson
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Tile Tile
Design — Certification Design — Certification

+ Background / Facts (cont'd): « Background / Facts (cont'd):

— A 1998 Boeing effort did assess the TPS damage to OV-102 during
STS-87 and the potential damage to OV-105 during the next flight
(STS-89) 1'8l; this type of analysis is the lead-in for impact damage
resistant design; helps define requirement for tile impact resistance

— Criteria required to establish magnitude of survivable damage is
being developed as part of the on-orbit repair development effort
and could be used, in-part, to establish new tile impact resistance
requirements ———

Effect of Damage
on Survivability

%] sTs-87

[P Mamaterial P FINAL [*= 5o [eieed

— 15t generation tile (LI-900, LI-2200 and FRCI-12) have thin RCG coating
that is not resistant to impact; cannot be coated with TUFI/RCG coating
— 2" generation tile (AETB-8) with TUFI/RCG coating has a factor of 6
increase in resistance to low-velocity impact damage [61] but can't be
used over large areas on lower surface due to it higher thermal
conductivity
— 3 generation tile (BRI-8) can be coated with TUFI/RCG and has
conductivity similar to LI-800; design goal was also to have a strength
similar to AETB-8
« May be a one-for-one replacement for LI-900 lower surface acreage tile
« Boeing IR&D funded BRI development prior to 2000
= NASA upgrade program funded BRI development in 2000, 2001 and 2003
= Additional development and testing required to fully ascertain its potential
to replace lower surface LI-800 tile

[Prosemer “MaMaterial  [o*=  FINAL Jeioe 6 of 11
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Tile
Design — Certification

+ Background / Facts {(cont'd):
— Additional BRI development and testing required
» Assess dimensional stability for complex shaped tile
+ Fully assess thermal characteristics (e.g. conductivity)
+ Material allowables
* BRI at other densities

« Evaluate impact resistance (various velocities and projectiles)
based on damage tolerance requirements

BRI-8

LI-900

Hypervelocity
Impact Testing

[Presemer " \3Material ] ™ FINAL [e 7ot 11 [gaRRa]

Tile
Design — Certification

Findings:

- The loss of a single tile before entry interface on the lower surface
of the orbiter forward of location X,1357 could result in the loss of
the orbiter. The loss of two tiles befare entry interface on the lower
surface of the orbiter forward of location X;1357 would most likely
result in the loss of the orbiter [67].

— Some tile possess more risk than others: some tile have a greater
probability of being struck by debris, some locations are subject to
greater heat load, and some locations have are adjacent to critical
non-structural components [72]

— The orbiter has been subjected to debris strikes since its first flight.
Yet the requirements to tolerate or resist debris impact are
exceedingly weak for general impact resistance and nonexistent for
debris impact during launch [17].

[Prsermer M3 Material | P FINAL = amﬂmJ

Tile
Design — Certification

+ Findings {cont’d):

— Boeing has studied the consequence of impact damage resulting from
debris impact under NASA spensorship [74, 18]. The thermal and
structural analysis performed as part of the study subsequent to the large
debris impact damaged experienced during STS-87 [74, 18], demonstrated
that plausible damage states could cause structural factors of safety to
drop below 1.0 [46].

History has shown that the orbiters have suffered 10 tile loss events since

Columbia first flew in April 1981. On average, that's one tile loss event

every two years or 11 flights. One tile-loss event was directly attributable

to debris impact from the SRB nose-cap.

— A systematic approach to evaluate the effect of various tile damage
scenarios on reentry survivability has not been performed.

—~ As can be seen from the impact map, some areas of the orbiter are more
likely to be damaged than others. Knowing the probability of where
damage may occur is important, but the critical damage levels and
consequences must also be ascertained.

[Preseoms pM3Material ™ FINAL
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Tile
Design — Certification

Recommendations:

— Computefanalyze the distribution of known damage sizes and
locations

— Establish the critical damage size for each critical location

— Identify the consequences of sustaining critical damage in a critical
location

— Compute the probability of sustaining critical damage in a critical
location based upon a predictive model that accounts for impacts of
debris emanating from various sources

— Develop a tile designed to withstand the critical damage computed
for various locations and install it at those critical locations
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Tile System Integrity

* Action/Issue:
— Tile system components may degrade as a function of
thermal/mechanical loads, chemical environment, and calendar
time

Tile System

0.045° Tile to
Reaction-cured Tile Gap
glass (RCG) coaling

RTV
adhesive

Fiker bar Striin Isalation
Korapon-primed pad (8IF)
structure
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Coating/Tile/Densification Integrity

+ Background / Facts:

~ Tile “poisoning” possible and inhibits efficacy of Tile Sys.tem
rewaterproofing; however, treatment of tile with ®RCG Coating
multiple injection of DMES overcomes t:g%o
“poisoning” = ERCL12

~ Cooper test was used to evaluate mechanical ~ |AETB-8
strength under various loads w) Densified Layer

+ Findings: RTV Adhesive

— Evaluation of tile coating, substrate and {;I‘fv PR
densification to date indicates that tile should ey
continue to be resistant to thermal/mechanical Koropon Primer
effects [

P M3Naterial | P FINAL S 3o 15 [RIGRR]

What will be the Weak Link In the
Future?
oo Tigte
Rescion-curet Tie Geo
ines (ROD) snsing
Evaluate each tile P9 Die et ayer
component for aging
effects b
i Sirkin i olalion
Karoporemminie ohe (51P)
Strength (psi]
Matarial A';;::‘:L Average
LI-900 13 23 T,
Titine ) % The question: )
FRCI-12 50 75 Do these properties
AETB-8 23 45 H
BRI 20 o change as a funghon of
0.080:in Class 1, Grade A SIP 45 thermal/mechanical
0.115-in Class 2, Grade A SIP 45 i
0.160-in_Class 3 Grads A SIP 25 loaQIng, ground
TV 5601565 280 0 environment and/or
Koropon Primer 7 time?
RTV 577

Presamee \f3Material | O™ FINAL e 2«13“

RTV Integrity
= Background / Facts (cont’d): ——
- RTV Adhesive/Heatsink/Screed R cltf c:o::n:m
« Adhesive, heatsink and screed are all L1-900
RTV silicone products supplied by LI-2200
General Electric FRCI-12
AETB-8
« RTV known to degrade when exposed e
to certain environments o R:\TA:WL?:I
i
« HMDS waterproofing used on OV-102 SP
and OV-103; degrades RTV strength RV Adhesive
properties w) Heatsink/Screed
+ A NASA/USA program is in place to Koropon Primer
sample and analyze RTV for R
degradation

[Presior paMaterial |7 FINAL = 40418“

RTV Screed/Heatsink for OV-102

+ Background / Facts (cont’d)
— Red indicates criginal installation
of OML screed/heatsink [63]
— Tiles over screed/heatsink
subjected to HMDS

P (3 /Material | P FINAL [ 501 18 m]

Major Factors For RTV Degradation
Have Been Identified

- Significant Jo
{4000 hours i

- High tempers
minute duration

- Sampling program has not identified degradation

RISK.
FACTORS

“term high temperaturs capability of RTV demonstrated by GE (suppiier)
t 450°F

umm\g:?, xeursion of RTV during one mission cycle sustained for only 10

RISK MITIGATORS ___
+ Dagradation fram
radiation requires direct

exposure to 550°F
* Low temperaturs

xposurs o -170°F

line-of-sight access 1o
RTV

+ Bondlina and scresd
applications do not
| anable line-of-sight
sxpasure
~{ + Sampling program has
nol shown degradation

sk aver time

- sondiine E aue to RISK MITIGATORS
. canditions through thermal axpansion diffsrential of [ o ago-retated mechanical faiures
ey ! structurs and TPS i e i
L g * Flatwisa tansil loading i imamne o i

hiss shown 5 * Compression degradation tme

« Fatigua + Bondiine sampling would flag issuss
S - Exacerbated by vacuim exposure |  psor to their becoming significant
HBOS sxpasuce -
overtun [Presemer” MaMatorial ] 9™ FINAL [*= o ora [Eiee]
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RTV Bondline Sampling Test Program
(Since 1980s) 130!

Contractual « Samples are taken from key areas of Orbiter per OMRSD
Requiremant VOAW(
Defines Key . ; . ; y
Locations — Hydraulic Fluid Inspection - piano hinge/body flap
- Screed/Heatsink Inspection - 7 locations (from 14
FTY Sanples options)

— Orbiter RTV Bondline Sampling - 10 locations
— OMS RTV Bondline Sampling - 1 location per pod

Assessmenl Made
of ATV Bond During |+ Samples accompanied by Tile Removal PR

TS P — Includes subjective evaluation of peel strength,
RTV Specimens tackiness
Tested and + Samples sent to Boeing HB labs for analysis
'5";9,*-’::";,'3‘ — Derived Shore A Harness
¥ — Gas Chromatography/Mass Spectrometry (GC/MS)
Analysis and m— - - -
Trends Presenled lo i
Customer Every 2
Years at TPS PRB

Sids 7018

RTV Integrity

+ Background / Facts (cont'd):

— Sampling program in place since 1980s to identify age/environment related
changes in material properties (29 30
- To date, the sampling program has not found any negative trends
The loss of two tiles before entry interface on the lower surface of the orbiter
forward of X01357 would most likely result in the loss of the orbiter 71
+ Findings:
— Sub-neminal bonds probably exist
+ Recommendations:
~ Ensure continuation of sampling program; statistical analysis?; enough
samples?
— Relate results of sampling program to reduction in risk
— Investigate effect of combined environment (thermal/mechanical/chemical) and
age on degradation
Qualify subjective peel-strength evaluation process

Thermal Effects on RTV

» Background / Facts (cont'd):
— Maximum structural surface temperatures experienced by OV-102
[62]
— At 250F, RTV/Koropen average strength drops to 220 psi; material
allowable drops to 120 psi; at 350F, allowable drops to < 20 psi

[TEN - B Es e | {4\ ov.102
Design Requirement

- & A LA
R, Y TRt~

H

Maximum Structure
Temperature {F)

I B R U R L I ]

Flight Number

| e I = Bm‘mﬁ

- Investigate methods to detect subnominal bonds (long-term)

[Povseisr paimaterial ] ™ FINAL [¥= _eor 15 [Eiasat]

SIP Integrity

+ Background / Facts {cont’d):
— Material allowables development 771

+ Permanent extension of SIP (flatwise) occurs after exposure to
cyclic mechanical loads 77

« Testing to develop modulus included expesure of SIP (flatwise)
to cyclic mechanical loads

+ Tensile strength (flatwise) specimens exposed up to 25 hrs at
test temperature prior to test to failure

Freceris 3 Material | P FINAL S 11 ot 16 [TGRR]

Strain Isolation Pad (SIP) Integrity

Background / Facts (cont'd):
- Strain Isalation Pad (SIP)

» SIP is a Nomex felt comprised of polyamide _Tile System
fibers formed into a pad RCG Coaling
+ The feltis heat set at 500F for 30 minutes to LI-800
provide dimensional stability and then coated ER%:ZI‘—J?z
with RTV (0.006-0.0107) Fisdk
+ Multiple thicknesses are used: Densified Layer
— 0.090-in for high modulus applications RTV Adhesive
(e.g. next to thermal barriers around 4?:‘_‘
doors) |RTV Adhesive
— 0.160-in for most applications (acreage Heatsink/Screed |
tile) |Koropon Primer

Due to buy-out of SIP in the 1980’s SIP no
longer manufactured
There is no shelf-life requirement for SIP

[rresemir \3Material | FINAL = 1qu18_

SIP Integrity

« Background / Facts (cont'd):
— SIP properties are tested indirectly:
— Indirect testing provides information about “threshold” strength, but
cannot be used to model degradation effects
« “Time-aged” SIP tested indirectly during recertification of tile:
— Tile densification qualification using a new coloring agent
— AETB tile certification for used on base heat shield
“Thermalimechanical” aging indirectly tested for 26 missions
during certification of of DMES rewaterproofing
“Thermal/mechanical” aging indirectly tested during certification
of tile system for 100 Orbiter missions

P (3 Material ] 9™ FINAL 12 of 15 JEiasa]
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SIP Integrity

+ Findings:
— SIP currently thought to be robust
* Recommendations:
— Direct testing and evaluation of SIP to assess aging effects is not
necessary
- Establish periodic testing of SIP stock to menitor potential aging
effects due to time and, currently unknown, degradation effects

Presaniar M3 Material D FINAL

Koropon Primer Integrity

Background / Facts (cont'd):

— Koropon develops microcracks which Tile System
enhances adhesion RCG Coating
— Koropon softens when used under thick LI-900
applications of RTV 577 and RTV 560 ;;f;"?z
= Screed thickness: 0.2 and 0.4 inches AETB-8
» Screed not applied over Koropon Densified Layer
— The loss of two tiles before entry interface on RTV Adhesive
the lowar surface of the orbiter forward of [BIR I i
X01357 would most likely result in the loss of
the orbiter 671

[Prssnsr Madatenal [P FiNAL

s+ 15 of 1 JETRREH]

* Background / Facts (cont'd):

Koropon Primer Integrity

— Super Koropon used as a primer on aluminum Tile System
surfaces of orbiter RCG Coating
— Over-spray of Koropon results in reduction in LI-900
s 5 LI-2200
cohesion properties . ] FROI12
+ Over-spray occurred during orbiter AETB-S
assembly and has occurred during Densified Layer
insulation installation RTV Adhesive
— Strength of RTV applied over bare aluminum siP
greater versus application over Koropon RTV Adhesive
~ Al 120F the flatwise strength (*A” allowable) of HeatiikScraed
RTV over Koropon and RTV over bare jKoropon Primer |

aluminum begins to diverge; the allowable for
RTV over Koropon drops to 13 psi at 350F

[Fresensr  paMatorial [0 FINAL

Koropon Primer Integrity

Findings:
— No thermal/mechnical testing has been accomplished to evaluate
the loss of cohesion due to Koropon over-spray
Recommendations

- Initiate a program to ascertain thermal/mechanical effects on over-
spray adhesion
+ |dentify areas of probable over-spray and sample

Prosentr  M3Material | B FINAL

= 16 of 18 [Glaeed]

Overall Findings and
Recommendations

» Findings:
- Effect of age and operational exposure not completely understood
* Subnominal tile component properties probably exist
— Magnitude of degradation is unknown

— The loss of two tiles before entry interface on the lower surface of
the orbiter forward of X01357 would most likely result in the loss of
the orbiter 671

* Recommendation:

— Implement a program to systematically characterize effect of aging
on all tile system components relative to design conditions
+ Initial emphasis should be on Super Koropon and RTV

Provanier 3 aterial | P FINAL

References

Number

Fllename [Reforence

[Robert J. Perez, Tom Luce, Micnael P. Garaen, "RTV]
[Scrap History & Age Lffa.” Material & Process
[Engineering, TPS PRB, Marcn 2001

RTV Sorap History and Age Lifs March 2001 pot

[Mary Litwinski, “Intagrity of RTV for TPS
|anplications.” Bosing-HB M&P Enginsering, 6
[February 2003

RTV aging.pot

[Gearld Kinder, Shutlle Asroheating Statistics from

Saurissmies agautiiocs [Boeing, Huntinglon Beach Mealing 25 April 2003

OVv-102 ITiPs generated output depicting ofiginal installation
Screed_neatsink_recorded_prior_to_deliveryl.ppt screodiheatsink
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Tile
Fleet Experience

» Action/Issue:

- Itis not possible to determine when the tile system has degraded to the

point where there will be a loss of tile
* Background / Facts:

— The loss of two tiles before entry interface on the lower surface of the
orbiter forward of X;1357 would most likely result in the loss of the
orbiter 671

— Many tile losses resulted in a design modification or change in process

* Did not know that something was wrong prior to flight

* Development and certification testing/analysis did not predict failure
— On average, tile is lost every 2 years (11 flights)

* Lastloss occurred 3 years ago (16 flights)

P 3 Material | P FINAL == voro [l

Lost Tiles — All Orbiters

OV-103.27, §TS-103
Suamina! bond
Inboard slevan drain e

P

el i

" pumsty AT
T S S

Body lag leading sdge

0
ov-104T
Unknown

201 Uppar body fiap

[ Lowsr surtace

10213
Unknown/mstumented
s

Onty loss due o
107 Base heat shied dabris slrike
o
= = R . o &
FEE R EEREEEEEEEEEEE|phoesm
i T | zmam

Right Wing Lost Tile

STS-41G
OV-99, Flight #6
5 October 1984

Screed remained in cavity;
initiated “Soft Screed” hunt

Ultimately, 4011 tiles would
be replaced

T CLONE B, LUST TIE AMA (18, 12.2)

Cause: Sub-nominal bond due to RTV reversion
after application of HMDS rewaterproofing

[Fressnier \3Material ] ™ FINAL s> 300 [l

Left Elevon Burn Through

STS-51D
OV-103, Flight #4
12 April 1985
cased corter pacel butn thvough and signiioant

structural damage to the forward outboard corner
of the elevon.

Not classified as a lost tile.

{ Tile found on
441 ¢ ground after
landing

Pecanar p3Material |20 FINAL oo [iosed]

Missing Chine Tile

STS-27R
OV-104, Flight #3
2 December 1988

Cause: SRB Nose-cap Ablative Debris Strike

[Frssmr pamaterial | P FINAL [~ soro [Eiees]

Lost Upper Body Flap Leading
Edge Tile

STS-72
& OV-105, Flight #10
11 January 1996

Bonded SIP and tile
densification layer
remained in cavity.

Cause: Inadvertent ground damage

[""“’"" M3iMaterial D3 FINAL .
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Cause: Subnominal bond;
incorrect filler bar
contributed; difficult to
read drawing [H73, 98]

Lost Inboard Elevon Drain Tile

STS-103
OV-103, Flight #27
19 December 1999

Pruserer \g3Material | O™ FINAL s 7org _
fiimbor —[Filoname [Reference

[Karte Hirida, “STS 53 Flight Raadiness Feview, OV-103 Loat
AT __|OVI04 YS! Tha FE Varsin 4.t Eievon Tike, Boslna/USA * 18 Janyary 2000
& |RE Cricaity of Tiatm E mail from Bosing

STS-4 Tharmal Profeciion Systam Potight Analyes Par I Tia,

i [T e okt Labaorstory anaiysis of lost s and tis damags

Wimsion ST5-72 OV-105 Fight 10 TPS Posl-Fight Assesamant,
Lo STS72_Book pef E.1817T9, KLO-96-003, Apedl 1996
70 |sgnficant TPS Event History 20Marda XLS [1E3 ST, PUTIOTY NG SN, s, T e Pl
b Gt aoaing Coracive Acton Rzues - Cevon Oran T

Presemer 13 Material

bar  FINAL Side

Design / Mods / Manufacturing
TPS Under Wing

Findings:
— Cannot predict tile failure
« Failure due to design, maintenance process changes and
inadvertent ground damage

— Effect of aging difficult to predict and may be a risk contributor in the

future
Recommendations:

— The fact that a dominant or common cause does not exist underscores
the need to address tile system integrity on several fronts: design and
process change certification, training for maintenance personnel, clear
pracess instructions, design of processes to reduce sensitivity and
variance and NDI/E or “health monitoring” system to aid in determining
when tiles are damaged.

— Continue RTV sampling program to help assure ability to to detect

potential, and current! f il tem integri
Presuriar g3 Material [l Bol9
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Tile
Fleet Experience — Aging

= Action/Issue:
— Bond-line integrity and/or strength is unknown
« Background / Facts:

Bond-line Integrity

- There are two techniques used to characterize bond-line integrity:
a proof test (bond verification test) and the manual deflection test
(“wiggle” test).

— Bond verification {BV), for regular tile, is performed by attaching a
specialized tensile test unit over the tile and utilizing a vacuum
chuck tool. The maximum applied load is generally determined by
using the known bond surface area multiplied by the stress levels
given in table specification The load is held at the maximum value
for at least one second. For a typical lower surface regular five-
inch square SIP footprint, the test load required to achieve the
required 10-psi would be 250-Ibs.

[Presenmr ~p3Material O™ FINAL [o= 1011 [T

Current Method: Tile Bond

Verification
Tile System Component Strength H7¢1 Bond Verification
Strength {psi) r
Material Aoae | Average g s
U900
L2200 35 8
FRCI1Z 50 i
AETB-8 A
BRI&* ¥
0.000-in Class 1, Grade A SIP
0.115:in Class 2, Grade A SIF T
0.180-in Class 3, Grads ASIP
RTV 560566 260 ) DLS |Number of| Percent
Koropon Primer 2 (psi) Tile | of Total
RTV 577
04 4862__| 33.00%
Design Limit |22 4792 | 32.50%
&8 3320 | 22.53%
Applied Stress 349 1065
Type Stress (DLSNE oz 204
L _{psi) | 1214 | 260
HRS| 10 Bond Tf:"_,';' 1416 143
LRSI 6-10__ | Verification Lower | 1620 a4
TUFI 10| Stress Ml Surface Tiles | 20-20 £
[Frsacios " hy3/Material |2 FINAL s aorn [ieeeny

Heavy Reliance on Process
Control and Sampling

« Background / Facts (cont'd):
— There is a heavy reliance on process control to ensure tile system
integrity
— Sampling program removes tile and samples RTV 13
+ Samples sent to Boeing HB labs for analysis
— Derived Shore A Harness
- Gas Chromategraphy/Mass Spectrometry (GC/MS})

Prsaner i Materlal | P FINAL so 5orn [

Maintenance Turnaround Work
TPS Under Wing

+ Background / Facts (cont'd):

— A partial bond could exist and the BV test would not detect it

— There are specialized test load procedures for modified regular tile,
irregular tile, structurally limited tile, tile bonded to filler bar, carrier
panel tile, closeout tile and TUFI-coated and TUFI-RCG-coated
tile.

— Structurally limited tiles will be tested using reduced loads due to
the structural limitations of the underlying substrate.

— The tile bond is characterized as acceptable if the required tension
load is sustained for one second without the tile pull-off.

— Another method used to evaluate the tile to substrate bond is
through the manual deflection test, also known as the “wiggle” test.
This test requires an experienced technician to “wiggle” the tile and
sense when the tile to substrate bond is unacceptable.

[Pesevier p3Material | O™ FINAL o= =01 [

Tile BV Compared to DLS

+ Background / Facts (cont'd):
— BV occurs when tile replaced

— 44% of tiles applied prior to first
flight (1981) 4771

BV>DLS
8v=<DLS
EE NoeviDs

Presensr 13 aterial Bat  FINAL

Matrix of NDI/E Methods Evaluated
Over the Years(10
o Wiathod Vear Campany Tied for | Fiaw 8w l Sirangtn | Weaknam | Tesed on 175 |
@ Film X-Ray 19802003 | Lockneed & Boelng | Wntemal [ 025 inch x 025[ Wl Requires Yes
- Voids standards
o mathod
. cr 1996 EGAG Internal No voids or | Mulli slices Time Yes
o Vods! | inclusions consuming| Production Unts
o Densty [Dansty shal be|
6 8+-1.0pcf
‘Acousiic Exciation | 1985-19683 EGAG Disbond | Target 10% Poriable No Yes
disbond dabonds
were found)
‘ﬂ-l Gmor Viorometry | 1981 | Naveon Engimeering |Gebo | Targal 10% | Fariaoe | T Ves
- Network/Ometron disbond debonds 1891 OV102
..E were founal (43 Tiles)
e
() ‘Snearography [ESY Laser Technoogy | Qisbond | Target 10% | Porabe [ Yes
1ear digband debonds 1991 OW02
[ were foundl (43 Tiles}
(o] 1097 Q105
(470 Ties)
Reverse Geomatry | 1997 Digray Disbond| Target 10% | Poriatle No Yes
Xeray disbond dabonds OVI05
wers found| (21 Tiles)

Fresenie 3 Malerial | 9% FINAL [owe auml-
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NDI/E Development and
Evaluation

+ Background / Facts (cont'd)
— Boeing (Huntington Beach) is not in the business of developing tile
bond-line NDI
» Now allows NASA/vendors to test NDI/E on specially fabricated
test panels 10

St e

[Prserar " Mamdaterial [P FINAL

Bhe  7of 11 m

General Results of NDE/I
Methods!%

= Background / Facts (cont'd):

— Changes in material properties, Tile (Silica & Air), SIP (Nomex),
RTV thickness, Gap fillers (Fabric) and Aluminum structure limit
accuracy / repeatability of NDE to detect disbonds

— None of the metheds or combination of them could accurately
detect disbonds

+ Suspect NDE disbond tiles were removed and evaluated as a
good bond

» NDE method would show promise when used on disbonded
test panel but fail when tested on the Orbiter

— New Tile disbond panel has been made and sent to NASA
Marshall Space Flight Center for evaluation

[Prsenar MaMaterial |2 FINAL

References

[Number | Filename Reference

[Processes Used o Test Tia Bords and Inspect RGG
x SSM Wabsia ot

[NSTS DB171- Space Shultie Oparations and

Maintsnancs Recuiremants and Specilicaions

documen, Fia I, VO3 - Thermal Protection Systam,
1 Now 02

A Bosing presentation Ihat discussses the use of

reveree geamelry w.ray and shearograpny to NOKE

e bond.

3 1In EPRTFRZ] i 102 from S5M Wakl

TIPS gensrated Excal ouiput rom Jenny Trar,

[Boeing, Huntngzon Beach labulsting tils Iocation,

13 [NSTS 08171 Fie 3 V09 Themnal Protaction System pdf

16 |Té NDE Bosing ZBMayaT, pdt

85 |vidZiower_paulds

[NDE Prase téatin from Bosing, Hunlinglon B28ch 25
|Asvil 2003

87 |RE Crtcally of Tha him [s.m FomBosing

66 [CAIBNDE TPS4-25-03 o0t

Ref I Content

H23 Bond Verification and Design Limit Stresses
H24 ML0B01-9024, Process 315 - Bond Verification of RSI Tiles

H76 Materials Proparties Manual, Volume 3, Thermal Protection System Malerials Data
reparaed by Laboratories and Test D/284, Rockwell International, August 1988
H77__ |Orginal Tile History for OV-102, RFI: B1-0090184

[ereeerier M3 Material [P FiNAL

Boeing Proposed New NDI/E
Methods for Tiles

Background / Facts (cont'd):
— The following new NDE Methods for detecting tile disbonds have
been proposed!'d 2
+ Microwave Technology
- Proposed by University of Missouri
— Never funded or tested on TPS materials
+ Nonlinear Structural Dynamic Response i
— Proposed by Georgia Tech
— Never funded or tested on TPS materials
+ Laser Vibration
— Proposed by University of Central Florida
» Funded by NASA KSC

» Has been tested on Tiles
[Presci  pamatorial [ FINAL

[= oo TR

Lack of Tile NDI/E

+ Findings:

— There are no widely accepted NDI/E methods that are used to
detect disbonds. General methods to detect a disbonds are in
development, and the time when they will be available is unknown.
A even more useful NDI/E method would be one that can measure
the bond strength. This is an even more challenging problem and
will not likely be resolved in the near future.

— The loss of two tiles before entry interface on the lower surface of
the orbiter forward of X01357 would most likely result in the loss of
the orbiter 57

— NASA and Boeing seem to have a sense for the need to develop a
method to better quantify the bond-line integrity and have tested
various methods on test panels and the orbiters

* Recommendations:

— It is recommended that efforts to develop and evaluate NDI/E

methods to assess bond integrity be given increased emphasis

[Frseniar M3mMaterial | P FINAL
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Tile
Fleet Experience — Aging

Action / Issue: Current practice allows RTV adhesive over bare
aluminum when bonding tile
Background / Facts:

— Process to remove and replace tile sometimes results in primer

damage
Findings:

— NASA has current waiver to use heavily chromated primer, a proven
corrosion cantrol component, but currently recommends the removal
of all damaged primer, leaving bare aluminum, prior to the application
of atile; this process was certified using results of extensive testing

— Only one case of known corrosion according to NASA/USA personnel

+ Corrosion found on dome heat shield; edge exposed to environment

— Active corrosion has never been detected on “acreage” tile

Recommendations:

— Initiate effort to determine long-term effect of practice

[Prosemmer“Mgiaterial [ FINAL [sio 1011
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Tile
Fleet Experience — Aging

Action /Issue: Current practice allows RTV adhesive over bare
aluminum when bonding tile
+ Background / Facts:

— Process to remove and replace tile sometimes results in primer

damage
+ Findings:

— NASA has current waiver to use heavily chromated primer, a proven
corrosion control component, but currently recommends the removal
of all damaged primer, leaving bare aluminum, prior to the application
of atile; this process was certified using results of extensive testing

— Only one case of known corrosion according to NASA/USA personnel

= Corrosion found on dome heat shield: edge exposed to environment

— Active corrosion has never been detected on “acreage” tile

* Recommendations:
— Initiate effort to determine long-term effect of practice

[rrsemsr_wamaterial [0 FiNAL | mn—m
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Tile Shrinkage

Action / Issue: Investigate orbiter fleet problems related to tile
shrinkage

Background / Facts:

— Tile shrinkage does occur during manufacturing

— Localized Heating Results in Tile Repair and Replacement

+ Localized High Heating in Flight Causes Tile Lips to Shrink Back,
Corners to Round Off, Overhangs to Slump, and Tile to Tile Gaps to
Widen

+ STS-91 Resulted in 8 Tile Replacements Due to Slumping on Reentry
— 1SS Missions Have More Severe Reentry Heating

Replacement of Complex Shaped Tiles Is Expensive

[Prssai y3material | P 5 June, 2003 | e |uF5u
e BRI

Areas That Typically Experience
Slumping (Localized Shrinkage)

Complex Shaped Tiles

o

Nose Landing Gear Door Tils Elsvan hinge

P M3Material o 5Juns 2003 |== 306 [l

Tile Shrinkage

+ Findings:
— Tile shrinkage generally not a safety-of-flight issue; itis a
maintenance issue
— Tile certification tests indicate total gap sizes from 0.075-0.093 inches
after a 100 mission simulation.

+ Allowable gaps are on the order of 0.025-0.065 inches: filled gaps range
from approximately 0.066-0.085 inches

— Tile shrinkage of BRI-8 much less than LI-900
* Recommendations:

— Revisit tile shrinkage as a function of temperature for acreage
installations and assess long-term impact. If the ultimate solution to
tile shrinkage is tile replacement at some time in the orbiters life, it
may provide further impetus to migrate to a tougher tile system

PR N3 Material | P 5 June, 2003 | * zmam

Maximum Recorded OML Surface
Temperatures

Temperatures Range from 1600F-2300F

Prsenw 3 Material | ™ 5 June, 2003 | ¥ 4of6

Temperaturs (F)

Tile Shrinkage

Background / Facts (cont'd): | |

PSP ) v e

) . Grgn | o Gy
Tile certification test £ =%
results and temperature 2 b T

exposure profile e 1

=

4 - Ties 1624 (n)| |

- Tiles 3645 (inf| |

e T e o 20 40 60 80 100 120

Thermal Cycles

PR\ Material | P 5 June, 2003 | S 50{6_“

Dimensional stability of BRI-8,
LI-900, and AETB-8

2250F 100 min

* For these tests, entire tile exposed to

high temperature
+ Orbiter tile not exposed on all sides
during mission
+ These tests used to compare tile
shrinkage of different tile materials
Before Test

% Linear Shricage

% Linaar Shrinkage

LI-900 AETB-8 BRI-8

IP: In-Flana = =
TTT: Thiough the Thickness [P MaMatora %6 June 2003 [*% 6orc [OIGERA]
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Tile
Maintenance

+ Action /lIssue:
— Some repairs performed on tile were not consistent with standard
procedures.
+ Background / Facts:

— USA and NASA personnel reviewed 137 lower surface TPS WADs

to determine in search of discrepancies that could have contributed
to OV-102 failure

» Findings:
— Four of five tile repairs on the orbiter chine and lower surface were
found to exceed TPS-211 repair criteria for maximum volume/depth.
— One repair around the LMLG door was found to be outside repair

criteria found TPS-211 due to the failure to remove an existing repair
prior to rework.

- USA/NASA reported the discrepancies did not present a safety-of-

STS-107 LH Wing TPS Process Review
“Findings of Concern” [H22]

+ Findings:
os | wap | WadType | Ama AT
5 Damage Volume axcescs TPS-211| Damage Volurns sxoéecs TPS-211 Repai
105 | WMID2288070 | Finding GHINE s e ;
Damags Depih axcesce TPS-211 Reparr
102 |MUWNG 2267548  Finding Gear D“;‘“f;“’r‘“"’“fps"‘r;:;‘ Crtaria (Investigabon - E valuation
opar (Jppar Surt Til) Inaicated that TPS-311 is OK)
; Damags Doplh exceeds TPS-211 Repair
00 |womnazaarora| reany | towrtns | Damag westoe s era e | O TSRS T L
age Repalr ncicalod that TPS311 5 OK]
07 | WDo2se0z | Fnang Gean | Damags Voluma axceeds TP5-211| amage Vokma sxoeeds TP5-211 Raga
Aspair Creria Gt
Pravous damags Not removed Previos Damage Not ramoved
106 |MLWNG-2287523|  Finang GEAR  |(mestigaton - Evaluation incicated| (investigatn - Evaluation Indicaiad that
that TPS.311 i k) TPS-311 18 OK)

fightissus [Frossnier M3iMaterial__| 2 FINAL [ 105 [oieeay

Example: Paper Study Find #105

Old Repair

!

w0 § o .05
21 43 :%‘3.05'

LY o

New Repair

Damage volume exceeds TPS-211 repair criteria.
Volume exceeds limits. Previous repair should have
been included in volume calculation [H22).

[Presmer “M3Material [P FINAL = 30(5-

References
Ref NJr:;er Content
Kathy Laufenberg, USA, "OV-102 Flight 28-STS-107 Team A, TPS, CAIB
Hz2 3 Requesls Repsponse,” Tile Repair Procedures TPS-211 and -311, WADS far "high|
iconcem” TPS Damags 7 March 2003

Number |[Filanama [Reference

Paper Study Finding 105, Work Package MMID-20284
670

64 WAD MMID-2-2B-6070 tif

[Presctc “3Material | P FINAL s sols [eeee]

137 Total WADS reviewed for the LH Wing Lower Surface

71 Matrix DRs {Not TIPS Tracked) were reviewed but are not
included on the maps (minor putty repairs TPS-211/311)

[Preseer baMaterial [P FINAL [ zors o]

Tile
Maintenance

* Recommendations:
— Determine cause of process escapes
+ Training, process clarity, etc.

— Establish and execute action plan to mitigate the cause of process
escapes

See also: Orbiter Maintenance (14-3)

[Frsarier p3Material | % FINAL s aors [eieadl
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Orbiter Design Concerns

Action/lssue:

— Unexplained Anomaly (UA) team has uncovered additional orbiter

design and maintenance concerns that should be addressed
Background:

— UA Team objective was to develop the effort required for safe Return
to Flight utilizing UA logic and rationale should results of the
investigation prove inconclusive

— UA Team assessed possible causes from the Fault Tree and
identified areas of concem that might warrant further action

— UA Team also addressed the vulnerability of critical lower surface
areas which, while not a contributor to the accident, had potential for
a critical breach and warranted design review action before reflight

— UA charts for issues not addressed in other locations of the Matrix
follow

[Presemer " MaMaterial P FINAL [55 1ot 14 Jicaea]

Orbiter Design Concerns

7. Door Seal Requirements (contd)

UA Closure Team

Findings {cont'd;
~ Different materials are used for the door seals
+ ET = Tafion coated Siicon {very smooth suface)
+ NLG and MLG = Nomex coated Silicon (textured surface)
- The ET disconnect umbillcal purge curlain ("baggle”) which s destroyed during
ascent conssenty sarduiches inbarted remianis of e Kaplon im bagoie

potentially i | integrity after door cios

Concem

+ Leakage bypassing the environmental seal on OV-104 (STS-51. and STS-618)
resultes In structural overtem of the MLG wheel well frame edge and flow into the:
whesl well
Leakage bypassing the environmental seal on OV-102 (STS-40) resuted In structural
overtemp ot ET door latch and flow into the aft fussiage compartment,

[Prosermr " pamaterial | FINAL S5 or1d [l

Orbiter Design Concerns

Main Landing Gear Pressure Seal Configuration Shown
UA Closure Team

(Environmantsl)
PRESSUE.

Structure oo

B

Main Landing Gear Pressure Scal Configuration

P 3 Material | P FINAL |

Orbiter Design Concerns

7. Door Seal Requirements

UA Closure Team

Blogk
€ SFOML Wing 8-24

Eindings

OVE Specification states:

33138 Access Doors — The primary structure shall be designed so that frequently-used
doors including landing gear doors am nol rellad upon to carry primary body lcads
ascept local pressure loads. Sealing
ingestion of adverse environments {.e.. mmmm dust, et}

There is fio specified requirement to assure snvironmental sealing of the NLG, MLG,
and ET doors on a flight-by-fight nas
~ Thers are no seal comprassion verlfication requirements for MLG and NLG Goors.
A non-specified tactile vk oo s oot dostre which s It
installation of gap fillers at the thermal barrier when purge keakage was
considered excessive
~ Drawing requi for ET door sel kon s 0100 10,050 nches wih
method fo oot re-figging

a
by ik mprin on tape. Not an every-tght acevy

Freanit \f3iMaterial | 5% FINAL sice 20«14“

Orbiter Design Concerns

7. Door Seal Requirements (contd)

UA Ciosurs Team

+ Establish FMEAS for critical door seals and umbilical purge curtain
- Establish OMRSD requirement to verify sealing
«  Review significance of seal coating differences
~ Review ET door purge ate ising door sealing

Effactivity
«  All vehicles — Retum to Flight

Prosamer p3Material ]2 FINAL S Anrm“

Orbiter Design Concerns

8. Carrier Panel Bonded Studs

UA Clogure Team

Relaled Faull Tree Block:  SFOML-WING-8-12, 20,17, 24
SFOML-WING-7-20
Finding Bonded Studs are used for TPS Tile Camier Panel Attachment

Concem: Flight ang ground processing history indicates an unacoeptable
risk associaled with the use of Bonded Studs for tie carmier
panel attachment,

Recommendalion; The UA Closure Team recommends the efimination of bonded
studs for future design. In additian, the team recommends an
analysis of applications {including thase existing as a resut of
prior Material Review action) to ensure positive margins i
studs are completely gebonded. In the event positive margins
are not maintained, ihe team recommends redesign to an
attemative fastaner.

Effectivity Return to Flight

P 3aterial | ©  FINAL S ot 14 [oigasa
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Orbiter Design Concerns

Bonded Stud Installation

UA Closurs Team

Orbiter Design Concerns

Lost Carrier Panel Caused by Debonded Stud

Pressnin 3/ Material | % FINAL 706 14

Orbiter Design Concerns

9. Elevon Cove Carrier Panel Fasteners

UA Clogure Tesn
Jated Fault Tree Block: SFOML-Wing-8-12, 20, 17. 24. SFOML-Wing-7-20

Finging: The edevon cove leading edge carier panels are fastenad to tha seal
panel with two #10 (0.188 in. dia.) fasteners engaging a sef-locking
thin wall insert. The carrier panels have been modified (par MCR 11656)
since the origh . adding between the seal panel
and carmier panel. The flow resirictors added preload to the fasteners,
placing them in tension

Concemy Fallure of the insert or fastener woukd expase the primary seal panel
10 direct piasma fiow dunng entry.

Recommendation: Pedom a design study to re-svaluate the margins associated
‘with the fastenerinsert combination used in pre-loaded tension for this application.

Effactiviy: Ratum to Fiight

UA Closurg Team

Missing /P
o

Fresert 3iMaterial | P FINAL Side aan-_

Orbiter Design Concerns

Cross Section Through Elevon Cove Shows Key Details

Preseri 3 Material | P FINAL Sie gmmm

/A Closure Team

[Prsemer amaterial [ FINAL S0 of 14

Orbiter Design Concerns

Elevon Cove Seal Carrier Panel Fastener Detail

UA Ciosura Tesm

Prn 3 Material | P FINAL S 110 14 w

Orbiter Design Concerns

10. Elevon Cove Seals

UA Clogure Tesn

Findir

The elevon cove seal has numerous critical TPS features. Itis uniqua in that it is
designed with known hot gas leak paths. The design has no FMEA. Leakage is
allowad o levels up 1o 85 scfim and 110 scim. Although thére have been significant
flight damaga events in the early fights, the mamtenance experence and pracessing
have matured such that current thermal damage is minimal

Concem

Failure of any one of several structural features could result in significant dsk to the
elewon structure, wing structure and 1o the control surface effectiveness. In particular,
loss of the “ski slops” tile, loss of the wiper seal carrier panel or loss of the honeycomb
saal clossout panel would result in a significant hot gas breach,

Recommaendatior
Perform FMEA. Include potential effect of hot gas breach trol
a5 well as propagation of stuctural damage, Identity and quantify significant hazards.

Effectivity
Retumn 1o Flight

P g haterial ] °™  FINAL sz o 14 [aR
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Orbiter Design Concerns

Findings:

— UA team has uncovered additional orbiter design and maintenance
concerns that should be addressed

— Frank Buzzard note to Mike Kostelnik indicates concurrence with
all 10 items included in UA briefing
« First 6 items included in RCC and Tile portion of the Matrix
* Remaining 4 items included in this briefing
Recommendations:

— Implement UA recommendations as described

Prosarer i3 Materlal | O™ FINAL

Orbiter Design Concerns

Documentation:

— Briefing by UA Closure Team, “Return-to-Flight Recommendations®,
24 April 2003

Presemier 13 Material Das  FINAL
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Orbiter Service Life

+ Action / Issue: Determine knowledge of OV-102 service life capability
+ Background / Facts:

— Comparison of key parameters used to determine orbiter structure
service life to the most current fatigue loads spectra (PE Cycle 6.0)
is documented in RSS99D0510D, “Space Shuttle Life Tracking”,
March 2003

- Includes all missions from 1881 through February 2003 spanning
8TS-1 through §TS-107

+ OV-102, Columbia, 28 flights
« OV-103, Discovery, 30 flights
+ OV-104, Atlantis, 26 flights

« OV-105, Endeavor, 19 flights

[Preseer 3 Material ][5 FINAL sice 1 o7 18 Bk

Parameter Comparisons

[Fiumber of Drcurrences of Parameler in Life
< 195,000
195,000 - 205,000
208,000 - 215,000 i
215000.225000 | 1 0 1
225000.235000 | 2 0 1 1
235000245000 | 12 . 2 5 1
245000255000 | 32 . 4 9 7
255,000 - 265,000 | 5t @ 13 12
265,000-275000 | 58 1 1
275,000 - 265,000
285,000 - 205,000
Total ™ B =

0OV-102 orbiter liftoff weight is within fatigue spectra although
rate of occurrences at 260K more than expected

[Prosermr ~ papaterial [P FINAL

Parameter Comparisons
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T
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Poessnl 3 Material |2 FINAL
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Orbiter Service Life

Background / Facts:
— Space shuttle has been analyzed for 4 different changes in usage
— Most current fatigue loads spectra is designated Performance
Enhancement

« PE did not change descent or ferry flight regimes and includes
DOLILU Il

[Prearee  p3Material [P FINAL

[*= _zor1o JEREH]

Parameter Comparisons

(Number of Occurrences of Pasametes in Life

All Bts DV-102 CV-103 OV-104 Ov-105)Spectal
<1004 i
1004 - 1098 1 1
1008 - 1102 4 1
1102 - 1106 16 @ 4 2
1106 - 1110 19 3 5 s
1110 - 1114 k] 2 7 12 L]
141118 i 1 8 3 3
1118 -1122 12 : 3 4 1
122- 1126 T 2 1 1
1126- 1130 2 1
1130 - 1134 1.: 1
Total 106 i’ 55 22 15

0OV-102 C.G. location is within fatigue spectra although
a more forward shift from expected usage

[5= aoria u

[Preers pagiMaterial ] ™ FINAL

Parameter Comparisons

E

SEEENEELLE

gZEUSREEEE

IR

£

0OV-102 max Q is well within the fatigue spectra

[Presoin pamaterial [0 FiNAL [#* 6or18
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Parameter Comparisons

Valie Range (pst dogr
< -3000
~3000 to -2500
-2500 to -2000
«2000 to -1500
-1500 to ~1000
~1000 to -500
-500 o0
010900

Totat

OV-102 Q-beta is within fatigue spectra although rate of higher
occurrences greater than expected - warrants re-evaluation

[Presamer ™ pimaterial o FINAL [F=_7or1a [Eiee]

Parameter Comparisons

[FRimber of Gocirrences of Parameter in Life
V02 OV-103 Ov-108 -1

<S.0E+6

50E+6 10 1.0E+7

IDESTIISET | 2 2

156472067 | 51 11 1@ 3
20847102567 | 5 2 2 1

2.56+7 10 3.0E+7

30E+7 10 3.5E+7

Totat L L R T

OV-102 right wing root bending tis indeterminate due

to number of missing flights - warrants re-evaluation

e T [ _ooris [oieed)

Parameter Comparisons

[Fol Gecurrences of Parameter in Lite

Al Tt GV-102,
28-30 [ 52 | ® |
30-40 ", 8
40- 50 2 1
50-83 !t 2
63-70 {

Tetai Tz 28

- OV-102 inclination angle well within fatigue spectra :

[Prserar ™ Mapaterial [0 FINAL [F 11 ot s [aa

Parameter Comparisons

Vibro-Acoustic Limited Life Parts [V GV OWTR VS [WorwLand Ule it |
MEW  NEW  MEW  MEW | NEw
FREC PRED PREC PRED | PRED | Awpie
UFE UE UFS  LFE | LFE
£ L n L © W
Fud Radialcr Pane Indax Hinge Doubler
Panel 1, Hnge 2 inbd 2=0 L3 8 8 £ & &0
A Radiestor Panal 4, Core 31 Acound Stucs
Skt 6, Ridoor Owection W © a8 L] B % 3
ARisich 14 & 2load Tie 2 T2 2 ] 58 o8
ARLgch 4, XLoat Hook = T2 i o0 & o
Sheat Hinge Fasseners. Net 13, Fasteosr 11 £ W 59 & e 8
Shear Hinge Fasteners. Nst 14, Festen 18 58 3 n ™ ™ ]
12 1 Semenik MA 100 97 3 -

Vibro-Acoustic life limited parts

[Presers “pggiMaterial ] FINAL T s oi1s [y

Parameter Comparisons

3.5E+7 10 -J0E+7
<3.0E+T to -2.5E+7
-2.5E+7 to -20E+7
-2.0E+7 to -1.5E+7
A.5E+T 1o -1 DE+T
-1.0E+7 to -5.0E+6
-5.0E+6 to D.0E+D
0:.0E+0 to 5.0E+6
Totat

OV-102 left wing root bending moment is indeterminate due to
number of missing flights - warrants re-evaluation

[P amateral [P FINAL [~ oof1a [iieeed]

Parameter Comparisons

ov-102 a_rbitar landing weight within fatigue spectra

[Prsme paimaterial O FINAL Jeie 1W
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Parameter Comparisons

Main Gear Sink Speed vs Landing Weight
w
. gy e
—— 19 Hard
. i landing
i : SN data
i L3N Rt Cemey reviewed,
' [} Am—
i p p well wii
! ¥ LY L] s 1 2
3 s e v ] structural
£ AR E LA limits
N [ IRE IV T ¥ o . 5.
- - —
f 2 "." o8 o o ik o* |
- - iild 2 M !
2000 100 Z30M00 2NN ZEON Z000 000 200N
Landing wegat (it}

[Provermr ~ p3material [P FINAL
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Spectra Comparisons
PE Versus 5.4

Background /[ Facts:

— Atthe request of the CAIB (reference RFI B1-120), 9 wing and
vertical stabilizer control points crack growth life predictions were
determined using the certification spectra (5.4) and compared to the
current spectra (PE)

* PE spectra 1.4 to 1.6 times more severe for wing bending
moment
* PE less severe for vertical stabilizer bending moment

— Comprehensive analysis update performed for the airframe structure

using the PE spectra (CAIB conducted spot check review)

[ 16 of 18 _

[Presemer 3 Material — [°* FINAL

Orbiter Actual Usage

Recommendations:
— If possible, fill in the missing wing root bending moment data and
re-avaluate adequacy of fatigue spectra
— Carefully monitor the trends of the following parameters: liftoff
weight, C.G. location, ascent Q-beta, ascent wing root bending
moment
— Develop the capability to determine mission life capability (crack

growth lives) for each orbiter based on actual usage

Pressoist 13 Material Dsie  FINAL

Wing Heating Load

+ Background / Facts:
— QOV-102 had the highest predicted wing heating load for a location
near the wing leading edge
* Maximum heating load: OV-102 was 1.3 to 1.1 times higher than
the other orbiters

+ Average heating load: OV-102 was 1.15 times higher than the
other orbiters

— 0OV-102 peak structural temperatures significantly less than
certification peak temperatures
= Wing bottom: 190 versus 326 F
« Fuselage: 244 versus 326 F

P FINAL

[ 140118 m

[Preserer  3material

Orbiter Actual Usage

» Findings:

— Wing root bending moment results were not determined prior to
STS-51

— Parameters obtained and summarized in the Life Tracking report
are not utilized to determine mission life capability (crack growth
lives) for each orbiter based on actual usage

— Fatigue testing of the wing structure has not been performed

— Fatigue spectra appears to be adequate for near-term operations
given the number of missions achieved (30 versus 100), however
the spectra may need to be updated to safely achieve 100 missions

[ e o1 [EiaEa

[Presecic M3imaterial [P FINAL

Orbiter Actual Usage

+ Documentation:
— Responses to RFIs 120 and 195

— Briefing by T. Kott, “Orbiter Life Cycle Analysis Process Overview”,
3 April 2003

— Boeing Report RS899D0510D, “Space Shuttle Life Tracking”,
March 2003

— Briefing by C. Modlin, “Orbiter Structural Life", 23 June 1992

P p3Material [ FINAL [# 1gof 18
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Aging
Structural Issues

+ Action /issue:
— Aging and Corrosion
+ Background / Facts:

— Orbiter designed as maintenance-free for 10 years—all are now
older than 10 years

— Spar is aluminum honeycomb (known to be corrosion prone) in
service for 24 years—concerns about galvanic couple between
spar and IN718 or A-286 that could lead to degradation

— Crevice corrosion known to occur on other shuttle locations with
2024-T81

— 200 doublers reported on OV-102 in response to corrosion
damage

— Anecdotal evidence indicates that chromates leach out of primer
after 6-12 years

[Preseme “Mamaterial [ o FiNAL [ 1ors Fleeas]

Orbiter OMRS Corrosion
Anomalies at KSC

Background/Facts (cont'd):
— Corrosion Problems Reports (PRs) are on the Increase

400 | OV-A03 OV-104

Rec’d Rec'd
3850 + i
00 | 1983 1985
: 250 |
g 200 |

150 | Prar— . .

100 | mmnm E | E
[ R : ]
0 b W HH

Presaniar )13 Material 1""’ FINAL henes) 2 of m

|remembered that OV-104 has OV-099s

Orbiter Body Flap Cumulative
Corrosion Occurrence versus Age

L %I
12 3 4 5B & T 8 % W U oMW oWE WA W WD

Age (years)

Total Problem Reports (PRs)

* In terms of age, it should be

body flap assy. Circa 1982,

[Presvmm “pamaterial [P FINAL 3ot [t

Orbiter Corrosion

* Recommendations (cont'd):

— In order to better establish inspection requirements for corrosion
based on environmental exposure, it's important to establish
corrasion rates via test for environments, materials and structural
configuration specific to the orbiter.

— USAF and Navy aircraft structure very similar in construction to the
orbiter. It may be beneficial to review their corrosion prevention
and control practices.

— Recent USAF and Navy R&D efforts aimed at providing practical
modeling techniques for corrosion may also provide insight into the
corrosion problem.

— A USAF Air Mobility Command sponsored program developed an
approach to ascertain the Economic Service Life for the KC-135.
Their, and similar efforts by others, may be applicable to the obiter.

[Fresenar " Waaterial |9 FINAL [o=sors i

Orbiter Corrosion

* Findings:
— Corrosion is on the rise
* Recommendations:

— Ascertain parameters that contribute to the aging of corrosion
protection materials and processes
+ Chromate leach rates
+ Effect of chemical/thermal/mechanical environments and
age
— Quantify CPC efficacy and limitations
+ e.g. Reapplication frequency and outgassing
+ Expand use if appropriate
— Continue to trend corrosion problems and address problems as
early as possible

[Premer MaMaterial [P FINAL [*=4ors [Riaaaa]
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Corrosion Near Aft End of Crew
Module

Action / Issue:
— Corrosion found on and near forward fuselage (X,582) and was
left unrepaired
Background / Facts:
— X582 is a frame near the aft end of the crew module
— Corrosion found and repaired on forward side of X0 582
— Corrosion “monitored” but not repaired near X0 576 (slightly
forward of X0 582)
— While corrosion was not removed, CPC was applied to forward
fuselage floor
+ Use of CPC not straightforward; specialized application
process required because outgassing may occur and
interfere with Star Tracker

[PrsererM3Material [P FINAL e

Corrosion Near Aft End of Crew
Module

Background / Facts (cont’d):

— OV-102 had different construction to subsequent orbiters
making it more susceptible
+ Goldized insulation blanket directly on aluminum stringers
+ Uncoated steel fasteners
— However, construction used for other orbiters not “corrosion-
proof”
+ Titanium fasteners (react with aluminum)
+ Aluminum not clad
+ No faying surface sealant
+ Susceptible materials

Pt 3/Material | O FINAL e

Location of X582 Corrosion

OV-102 Corrosion X, 582
to figor
[Freerer Maatenial [P FnAL [ome

‘=wms Area of corrosion

Borescope View of Typical
582" Corrosion
Source: OV-102 Va0/31 Inspaction Report

Septembar 1990 - February 2001

Location of X582 Corrosion

0V-102 Corrosion X, 582 Bulkhead to floor

= Using video borescope, corrosion found on
lower forward fuselage skin panel and stringer
areas. Extensive rework and corrosion
protection of “582” bulkhead forward surface
was accepted for unrestricted use,

+ In addition to “582" frame, borescope inspection
revealed suspect corrosion (X, 576) on visible
rivets and on the sides and feet of hat section
stringers.

+ This PR was deferred due to the inability to
fully access the area in question to effecta
repair. The condition is to be visually
assessed on a recurrent basis.

[Preserar " paMaterial | P FINAL . 4o17m

Corrosion Near Aft End of Crew
Module

Findings:
— Access to area between crew module and outer hull difficult to
access for inspection and repair
- Concern that unmitigated corrosion could progress and
degrade structure below minimum safe level
- OV-102 lower fuselage construction in area forward of X,582
was unigue and caused it to be more susceptible to corrosion

- Corrosion cannot be eliminated as a potential degradation
mechanism on the other orbiters

Recommendations:

- To better understand potential impact, perform analysis of
corrosion susceptibility, growth and damage consequences
relative to factors influencing corrosion:

« Material

— Alloy, Temper, orientation, product form, anodized,

clad/unclad

e T =

Corrosion Near Aft End of Crew
Module

Recommendations (cont'd):

« Fasteners
— Type, finish, AMS, wet/dry installed

+ Coating
— Conversion coats, primer, CPC

+ Mechanical load orientation

+ Blanket insulation
— Attachment material and method of attachment
— Blanket material

* Environment

— Accidental fire suppression activation, OPF
environment, rain exposure; pad exposure

[Frssmr” Maraterial | O FiNAL [#  6oi7 [
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Corrosion Near Aft End of Crew
Module

* Recommendations (cont’d):
— Develop inspection procedures going beyond borescope
— Develop repair procedures in areas difficult to access
« Be innavative; review other industry's practices where repair in
difficult to access areas is required (l.e. nuclear community)

P 3 Material | P FINAL sie 7017“
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Fastener Environmentally
Assisted Cracking (EAC)

« Action /Issue:

- Potential for environmentally assisted cracking of Inconel 718

and A-286.
+ Background / Facts:

— A-286 bolts are used as fasteners LESS components

- Microbial or fungal corrosion can accur within an environment
that contains carbon and a source of water such as condensate.
A product of this corrosion process is acid that could degrade
Inconel and A-286.

— Other forms of environmentally assisted cracking are also
possible.

[Prsenerpamaterial [P FINAL
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LESS Lower Carrier Panel
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Recovered Spar Fitting

Left wing lower spar
fitting at panel 10

jolt'ysed lo ttach
we carrigf panel
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Material of RCC Attachment
Hardware

V070-199362 (ship side clevis): A-286 CRES
V070-199751 (angle side clevis): 718 Inconel
V070-199689 (bushing): A-286 CRES
NAS6304U19H (bold): A-286 CRES
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Material and Configuration
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Carrier Panel A-286 Bolt

Side view of bolt
(from Item 9413)}

R S
Fracture surface of bolt
(from Item 9413) rer nraera
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Carrier Panel A-286 Bolt

Higher magnification photos of fracture
surface of bolt from ltem 9413

Pressoi 3 Material | O FINAL 7ot 12 [

Higher magnification photos of fracture surface
of bolt from Item 866
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Fastener Environmentally
Assisted Cracking (EAC)

Findings:
— Failure mode of recovered carrier panel bolts is consistent with high-
temperature failure; failure is not due to EAC
— Current design and maintenance practices leave components at
greater risk for corrosion
Recommendations:
— Obvious galvanic couples between aluminum and steel alloys should
be avoided or clearly mitigated
- The use of TFE and MaS2 should be expressly forbidden in
assembling components
— The use of primers and sealants such as RTV 560 and Korpon should
be reviewed with respect to their possibly accelerating corrosion in
real environments including in tight crevices.

[Presemer MaMaterial [P FINAL side 110712“

Fracture Surface

Similar features found on bolt from left
wing lower spar fitting at panel 17

Fracture surface of
bolt from Item 86

OV-102 Debris Sampled

Lower Spar Fittings Carrier Panel Bolts
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Fastener Environmentally
Assisted Cracking (EAC)

Recommendations (cont'd)

— The negligible and compressive stresses presently occurring in A286
bolts provide protection against failure; assuring the continued
presence of such low to negative residual stresses should be part of
acceptance and qualification procedures.

The detailed general and impurity chemistry of all paints, adhesives,
and sealants should be reviewed periodically at the ppb to ppm
concentrations, and such results should be reviewed from a corresion
point of view.

— The procedures and criteria for qualifying materials and coatings from
a corrosion point of view should be reviewed for their relevance and
adequacy.

— A substantially higher level of understanding and appreciation of
damaging effects of all relevant ambient and applied environments on
critical materials should be incorporated into the design and
maintenance of the orbiters
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Maintenance
Wiring Inspections

Action / Issue: Kapton wiring, currently used in orbiters, poses
inspection/maintenance challenges. Assess NASA actions to address
these challenges.
Background:
— Each orbiter contains approximately 852,000 feet of wiring
+ Amounts vary depending on modifications/instrumentation
« Most of the wiring is insulated with Kapton
Findings:
— Kapton (MIL-W-81381) refers to a type of insulation (technical
name: aromatic polyimide) originally developed by DuPont in the
1960s

Freanr
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Maintenance
Wiring Inspections

Findings (cont'd):

— When the shuttle was built, Kapton was state-of-the-art, exhibiting
many positive attributes
« 50% less space, 25% less weight, tough, durable to a wide
temperature range, will not melt/drip/propagate flame
= Widely used in both military and civil aviation
+ Continues to be used today, though notable shortcomings have
emerged over the years
— Major concern is arc tracking
= A phenomenon in which overheated wiring carbonizes
* Overheating typically caused by broken insulation/arcing
« Carbonized Kapton acts as a conductor; result: “soft shorts”

» "Soft shorts” (as opposed to “hard shorts”) continue to conduct
below the tripping threshhold of circuit protection devices, thereby
propagating further carbonization/damage

[P y3Maintenance %™ FINAL [ 20110

Maintenance
Wiring Inspections

Findings (cont'd):
— Major causes of insulation failure (splitting/cracking/flaking)

+ Improper installation during manufacture (unknown at the time),
such as routing (tight bends), clamping (too tightly), or positioning
wires against burred screw heads/rivet tails/sharp edges; causes
insulation wear/failure due to vibration and/or maintenance

+ Wire stress during inspection/maintenance: repositioning by
technicians for access and/or unintentional actions (stepping)
— Determined to be the single largest cause on orbiters
+ Exposure to elements such as solvents/corrosives/moisture

+ Parallel, extensive AF study (1986) concludes most problems due to
design, installation, and maintenance

— OV-102/STS-93 (Jul 99) incident raised awareness: loss of power
to two of six Main Engine Controller computers 5 sec after liftoff
+ Investigation identified root cause as damaged wire

[P Mamaintenance [P FINAL
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Maintenance
Wiring Inspections

Findings (cont'd):

— NASA has taken numerous corrective actions since STS-93

+ Extensive inspections/corrective actions, starting with OV-102's J3

OMM (Sep 99); chit 1-month after roll-in complicated OMM
Other orbiters grounded for inspection (partial); full inspections to
be completed during scheduled OMMs

Results of QV-102/J3 OMM used to refine inspection/
documentation methodologies (more comprehensive/specific
tracking)

Improvements made in technicianfinspector training and
certification, maintenance procedures (e.g., calibrated crimpers)
Wiring inspection now required during any ground praocessing
actions

.

.
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Maintenance
Wiring Inspections

Findings (cont’d):
— OV-103 currently in OMM/undergoing remainder of wire inspection
+ Total discrepancies (stand down + OMM) nearing OV-102 proportions
Arc track testing using. orbiter circuit protection/wiring displayed
limited track lengths; worst case = 8.5 inches
+ Current mods include separating all critical wire paths from main
bundles and individually protecting them
Numerous tests indicate Kapton is still the leading choice for
orbiter environment despite development of hybrid insulators
Development of improved inspection equipment/techniques (to
supplement visual) continues in the aviation community
— Wholesale replacement, whether in military/commercial aviation,
or the orbiter fleet, is costly
+ Hybrids used on new build B737/B757/F-15/F-22 (post-1995)

I

I FresanaT
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Maintenance
Wiring Inspections

Findings (cont'd):
- Modifications either complete, in progress, or scheduled show
ongoing efforts to mitigate wiring problems

+ MCR 19448: Orbiter Wire Protection Enhancements addressed
routing of redendant Crit 1 wires; 127 cases ID'd

« MCR 19527: Orbiter Wire Redundancy Separation corrects all 127
+ MCR 19596: AC Bus Separation separates critical wires to C/B pnls
* MCR 23167: Arc Track Protection continues efforts; Rev 1 for OV-
102/FIt 29 (STS-107)

— Approx 2,000 feet of orbiter wiring is inaccessible

Primarily below crew module

No plans to inspect over the life of the orbiter

« No technician traffic/hands-on maintenance due to inaccessibility

NASA has confirmed, thru USA and Boeing, no Crit 1 wiring in

inaccessible areas

Concern: installation-induced problems over 20+ yrs of service

[
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Maintenance
Wiring Inspections

+ Conclusions:
- NASA has taken extensive action to mitigate orbiter wiring-related
problems
— Kapton issues (especially age-related), are still not fully
understood
* Recommendations:
— Continue as expeditious as possible implementation of all wiring-
related inspections/mods
— Inspectirack/monitor wiring to determine aging effects
— Develop plans to inspect inaccessible wiring as part of the Shuttle
Service Life Extension Program
— Assess the adequacy of Kapton wiring inspection/maintenance in
non-orbiter areas, such as RSRM/ET and SRB/MLP separation
bolts

[T Wamaimenance | °** FINAL [eie 7 0r 10

Maintenance
Added Wiring Insulation/Separation Examples

" silicon Rubber Extrusion

[t
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H 103 J3 Wire Discrepancies Summary
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Maintenance — Wiring Inspections
Red Dashed Lines Indicate Inaccessible Wiring
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Orbiter Environmental Exposure

Action / Issue: Review/assess orbiter exposure to elements

Background / Facts

— OV-102 cumulative launch pad weather exposure - 3.3 years
+ Longest single exposure: STS-35/164 days (Apr-Dec 90)

— Exposure to elements (rain, dew, salt air) has a negative impact
= Corrosion to structure, oxidation/damage to RCC (suspected),

wiring, etc.

Findings:

— Orbiter total exposure time (less —102) varies from 2.1 to 2.9 years
+ OV-102 leads fleet in total exposure time, but not in total launches
« OV-102: 28 launches; OV-103: 30 launches

— Rollovers/rollouts/rollbacks due to launch scrubs, follow-on
maintenance, & ops checks contribute to prolonged exposure

[Pressras M3 /Maintenance [ == FINAL
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Orbiter Environmental Exposure

Findings (cont'd):
— Besides pad exposure, most notable vulnerability is during
mate/demate/ferry ops; three incidents noted
— Sep 99: OV-102 caught in rain at KSC during mating
+ 128 Ibs/16 gals removed after arrival at Palmdale
— Feb 01: OV-102 caught in rain at Palmdale after mating
+ 74T7/shuttle could only be partially hangared (see picture)
+ 112 Ibs/14 gals removed after arrival at KSC
— Feb 01: OV-104 caught in rain during mating at Edwards AFB
« 1,600 Ibs/200 gals removed after arrival at KSC
— "Aft fuselage under bay 6 full of standing water”
— *Five inches deep along back of 1307 bulkhead”
- Mate/demate ops highly vulnerable to inclement weather
+ Lengthy operation; no shelter at any location
* No positive pressure inside shuttle, as at pad

[Preserr 3 Maintenance [P FINAL

Orbiter Environmental Exposure

Findings (cont'd):

— Environmental (specifically weather) exposure constraints clearly
outlined in RTOMI S0018.100, Adverse Environmental and
Lightning Monitoring at LC39

* Includes guidance on actions to be taken to minimize exposure to
rainfhail/winds/freezing temps/tornadoes, etc.

Recommendations:
— Emphasize strict adherence to existing guidance
— Take every opportunity to avoid/minimize/reduce exposure
» Review/analyze launches where exposure was significantly over or
under the mean (e.g., >1 standard deviation) for lessons learned
— As some amount of exposure is unavoidable, an intensive
corrosion program (inspection, treatment, prevention) is a must

= See related “Action/Issue” slides on Corrosion and Service Life
Extension Program (SLEP)

[Preseriee paiMaintenance [ FiNAL =

Orbiter Environmental Exposure

Findings (cont’'d)
— 8TS-35's 164-day exposure driven by scrubbed launch attempts

+ Rollout to pad (22 Apr) for initial launch attempt (30 May)
— Freon system repair - 14 add'| days
— Launch scrubbed — 30 May (MPS LH2 leak)
— Rollback — 12 Jun {following troubleshooting/maintenance preps)

+ Rollout to pad (9 Aug) for second launch attempt (1 Sep)
— Stand down for payload telemetry repair — 6 add'| days
— Launch scrubbed — 5 Sep (Orbiter H2 leak, maintenance at pad)

« Third launch attempt (18 Sep)
— Launch scrubbed - 18 Sep (MPS LH2 leak)
— Rollback — 8 Oct (following troubleshooting, maintenance preps)

* Rollout to pad {14 Oct) for fourth launch attempt
— Special LH2 tanking tests performed - 2 add'l days
— APU water valve problems; maintenance/servicing — add'l 16 days
— Launched 2 Dec

+ STS-35 was an outlier compared witl hart)
Presamiar 13 Maintenance | %% FINAL Sids 3 of 15

Orbiter Environmental Exposure

Findings (cont’d):
— Exposure is a major contributor to corrosion on all orbiters;
trending upward 10% annually
+ 140+ PRs written due to corrosion damage in the body flap cove area
alone (low point in vertical position)

— 84 on OV-102 (51 in last flow)
— 190n OV-103
— 29 on OV-104
— 6on OV-105

+ Frequency/quantity of PRs citing corrosion increasing
— 91% of occurrences since "92

« Impact on logistics (reparability/availability of spare parts)
— Components (e.g., body flap actuators) being replaced due to corrosion
- Repair taking longer: some piece parts beyond repair, must be

manufactured, lead times as long as 1 year away

~ No serviceable spare actuators & 2 “holes”; first available — Jun 03

[Prsemt pamMaintenance [ P+ FiNAL [= 4o 15

#o10m

Orbiter Environmental Exposure
Total Launch Pad Exposure by Orbiter

Exposurs Tims on Launch Pad

Cohtia Decovery = B raknger
orbiter
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Orbiter Environmental Exposure

Includes rollout/rollback/pad time

Flaet
Challenger | Endeavor | Atlantis | Discovery | Columbia |  T%! minus
Fleet | Cotumbia
Total
Days. 361 749 948 1,050 1,208 4,316 3,108
Exposed
#of
Launches 10 19 2 30 28 13 85
Avg Days
Per 361 39.4 36.5 350 431 38.2 36.6
Launch

NOTE: STS-107 exposura time was 39 days
OV-102 exposed for as long as 164 days

Preeemer 3 Maintenance | P FINAL [ _7oris (SRR

Exposure — Total Rain By Mission
STS-35 (far right): 20,6 in/STS-107 (arrow): 12.8 In/Fleet Avg: 5.5 in

Total Rain During Exposura

Exposure Days By Mission
§TS-35 (Far Right) An Outlier/STS-107 (Arrow) 1-Day Above Mean

Humbar of Days Expossd
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Orbiter Environmental Exposure
Partial Hangaring at Palmdale {(Feb 01 Incident)
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Environmental Exposure
Mate/Demate Ops Highly Vulnerable to Inclement Weather
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Orbiter Environmental Exposure
Increasing Corrosion Anomalies — PRs vs. Time

> Orbiter's Corrosion Problems are trending upward at 10% per year and

some discrete locations > 10%.
Onbiter OMRS Corrosion Anomalies at KSG

w00 | OV-103 OV OV-105 oviez |}

Rec'd Rec'd Rec'd oMM PRSE |

8 ¥ 1yge 10 1991 Paimdale ot |
o o : included

FLPESPEFFES S
Years
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Orbiter Environmental Exposure
Corrosion Related PRs-Body Flap Cove Area

OOLME QmidiveCaraews Ag

Total PRs
B8 a3 8333

=

il

B B 7 18 8 A
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Mate / Demate Constraints:
{1 hour desired lead time)

Orbiter Environmental Exposure
Mate / Demate Ops Constraints

Lightning within 5 nm "
Hail, Any Size / 2o
Any precipitation

Surface winds: Depends upon direction

Surface Temps < 60 °F
for more than 2 hrs

Steady Starc - Peak

[Prossnir y3aintenance [P FINAL

Orbiter Environmental Exposure
Rollover Constraints

llove nstraints:
(2 - hour forecast)
= LTG within 5SNM
» Temp < 36F
= Any Precipitation
= On transporter”™ Wind > 42 Peak 64 Kis
= On landing gear:_Wind > 40 Peak 60 Kts

Slide 14 of 15 [y
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Maintenance
Aging Vehicle/SLEP

Action / Issue: Service Life Extension of Shuttle Fleet

Background / Facts:

— Shuttle fleet has been in service since 1980s

— Criginally programmed for replacement by early 21st century

— Basic subsystem life requirement is 100 missions in 10 years

+ Performance and Design Requirement (PDRD FE093)

Findings:

— SLEP objective very general: Integrated Space Trans. Plan says "middle of
next decade”, DAA - ISS/SSP uses "2020 and beyond.”
Original certification for 10 years, recertified in 1991 for 10 years
Limited structural data available: destructive testing of partiall subscale
structures at beginning, follow-on tests at subsystem level
SLEP initiated by HQ Code M Dec 2002, delegated to SSP Development
Office is responsible for SLEP

First act...provide candidate projects list for SLEP independent panel review
and final recommendation to Space Flight Leadership Council on May 7,

2003...over 100 collected
= ol

|

Maintenance
Aging Vehicle/SLEP

Findings:

- Funding request in May for initial studies to identify tasks in most
crucial sustainment programs...Mid-Life Recertification (MLR),
Fleet Leader, Corrosion Control and Risk Management.

+ MLR will define tasks to be completed to recertify the STS for
continued used through foreseeable life span

+ Results expected to identify necessary upgrades to structures and
subsystems to assure safe operation as well as recornmendations for
additive maintenance and inspection programs

¢ MLR funding undefined

+ Significant effort to prioritize previously identified candidate programs
and add to budget request

- Higher headquarters supportive but concerned over financial
impact of CAIB recommendations
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Maintenance
Aging Vehicle/SLEP
Cost by SLEP Prioritization Categories
Real Year Doliars in Millions - Not in Full Cost .
Total

FY03 FY04 FYO5 FY0s FYo7 Fros Fvos  FyodFros

FY04 President’s Budget Request 299 38 36T 27 301 304 - 1,633
Dellato Presidents Budgat 8 52 59 50 54 T -35
Total POP 03 SLEP Recommendation 261 416 426 347 246 233 214 1,668
1 Should StartIn Fiscal Year 2004 0 5 1 1 v 0w 1 s
2 Commitments T L I T R ) 28

3 Foundationsl Activitias 3 a = n 7 o 2 3
4 Sustainablity 2 0 @ o7 a om o 259
4 Improvements 18 N 3 n s 204
4 Mew Capabilies. o ] o ] o o o o
Ressrves . [ 0 2w 0 0 B
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Maintenance
Aging Vehicle/SLEP

+ Findings:
— Used Analytical Hierarchy Process (AHP) tool to compare projects on
impact to life extension, safety, urgency and cost.
— 4 groups used to categorize the AHP priorities
1. Must De...imminent obsolescence or DMS concerns in 03; e.g. sustaining test
equipment tasks for SSME and case hardware availability for RSRM.
2. Current Commitments...e.g. CAU (glass cockpit), SSME Advanced Health
Mgmt Sys (ph 1), Infrastructure (bldg, GSE), Industrial Engineering for Safety
3. Foundational Activities...Aging vehicle studies, Mid-Life Certification, NDE
upgrades, Project Feasibility Studies
4a.b.c. Sustainability, Improvement, New Capabilities...e.g. obsolescence issues,
vehicle health monitoring, Hydrazine Replacement, and crew survivability.
— Used AHP to pricritize over 50 projects for first budget submission
— Foundational Activities and Project Feasibility Studies may lead to
increases in subsequent summit and budget cycles

[Presemier Mamaintenance | = FINAL
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Maintenance
Aging Vehicle/SLEP

* Recommendations:
— Sustainment program needs a clearly enunciated goal in terms
consistently applied across NASA to focus efforts
Mid-Life Recertification is the foundation of SLEP. Accelerate funding to
to ensure competitive consideration in budget request
NASA is charting new ground and seems 1o be accepting the financial
reality that sustaining systems is a long-term commitment
+ Wil require programmaltic support (organizationally and financially} throughout
the remainder of the system’s operational life.
+ NASA should consider a suslainment-based reorganization and develop
doctrine to guide them
— Restrictively define the SLEP mission. Current construct establishes this
program as the central repository for nearly any shuttle related project.
This will leave SLEP vulnerable to budget cuts and dilution of NASA's
ability to resolve sustainment issues.
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Aging Vehicle/SLEP
Real Year Dollars in Milions - Nat in Full Cost Total
FYos Frod Fyos Fyos FYOT FYOB FYo9 FYO4-FY0B
Total POP 03 SLEP Recormmendation W 416 426 3T 248 23 24 1,608
1 Should Start In Fiscal Year 2004 1] 15 16 14 9 13 13 &6
RSAM . Cass Harcwarg Availability [ 5 5 5 5 5 5 25
bler - Carlty PRSD Tank Supplier & o H H H H H B 3t
Procure Spares
SSME - Sustsining Test Equipment Tasks 0 . s 1 o o o w
2 G 261 274 234 156 136 128 124 926
Vehiclo Cochail Avionics Upgrade (CA) 68 s 0 o o 182
Vhicla Main Landing Gear Tire & Wheol H 1 o o o o o H
SSME Acvancer Hean Managemen System H 3 H b ° o w
(AHMS Phass 1}
Incistrial Engineering for Safety L] 18 15 15 15 15 15 75
RSAM Ovsolescence 12 18 19 0 0 n ) 28
Infrastrucure s I noow ]
Guners I n ' 152
3 Activities 3 23 31 23 12 24 12 113
“Aging Vehicls Studies B 0 0 )
e Cortcatan Asessmont  lssvs Migaiion
Fleat Leader Preg
Comasion Conkra
STE Survey | Evaan
orsDest ke Evsuaban Uograses
Geound Test Program o 4 10 2 ° 2 N M
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Maintenance
Aging Vehicle/SLEP
Real Year Dollars in Millions - Not in Full Cost Total
FYo3 FYo4 FYO5 FY08 FYOT FY0s FYo8 FY04-FY08
4a Sustainability 2 40 62 3 47 38 40 259
Naw Start: Vehicle Health Monktoring Study 1 4 4 ]
Maw Start: ET Ird Generation Foam Study ] 1 T 8
STE Ovsolescance (14) 1 1% " 1 T T 5 59
Material Obsclescence (3} L] 2 2
Component Obsolescence (14) ° 5 o ar £ 1 ) P
Supply Chain Visnility (8) v 4 * 1 1 5
‘Spares Augmemstion for SLE () o 5 0 26 2 18 0 82
4b Improvemants 18 a5 82 62 23 12 5 204
New Start: SSME Advanced Health £ 5 a5 kL] 12 5 160
Nemaqumant Systam Phase 5
Sty Hyrszing Rapiscement s s 3 '
Stucty: Orpiter Hardening 2 2 2 4
Sloey: SSME Chranna Wal oezle P M
Stoey:Orbtar Enmanced Caution and Waring
Study: Crew Survivabllity Traces 1 1 1
4c New Capabilities [] (] 0 o o o 0 L]
Reserves ] 20 20 20 20 20 20 100
Presssir 3 /Maintenance |®™  FINAL .
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Aerospace Safety Advisory Panel-2002, excerpt

“The Panel is confident that the service life of the Space Shuttie can be
extended without compromising safety if adequate rigor is applied and
resources are committed. The service life of a Space Shuttle orbiter as
originally designed was 10 years or 100 missions. With the appropriate
recertifications and inspections, the Space Shuttle’s flight and ground systems
have operated successfully for over 20 years... These flaws, resulting from
aging or environmentai factors, escaped detection by standard preflight tests
and were found late in the launch process.. Similarly, the orbiter liquid
hydrogen (LH2) line flow-liner cracks escaped detection for an unknown
number of missions because the work instructions did not include inspection
for this problem.

Recommendation 02-1a: Through proactive review, revalidate and revise the
criteria for critical ground and flight systems recertification.

Recommendation 02-1b: Based on the findings and technical information
garnered from the 1 ification process, validate and update the
maintenance, test, and inspection requirements.”
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OV-102 Hard Landing

Action / Issue: Review NASA assessment of OV-102/STS-90 hard

landing (May 98)

Background / Facts:

- Main gear impact was highest sink rate in flight history
+ Estimated max of 6.7 fps through camera data

— Crosswind: 4 — 11 kis range
+ Worst case (11) used in assessment

- Landing weight: 233,000 Ibs

— Combined sink rate/x-wind/landing weight exceeded design criteria
+ Design criteria of 5.97 fps versus estimated 6.7 fps

COLUMBIA
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OV-102 Hard Landing

» Findings:
— Design criteria not equally critical at all landing weights
+ Possible to exceed design criteria and still remain within
structural capability
— Calculated MLG loads/reviewed & approved by Loads Panel/Load
factors used in structural analysis
+ Reconstructed loads less than half of design load
+ Energy comparison explains why capability can be higher than
design
— MADS flight strain data confirmed accelerations/analytical
conclusion
— Reviewed/approved by Orbiter Structures Team 14 Jul 98
Group Recommendations:
— None. Eliminate as a causal factor,

[Presemar waMaintenance [o FINAL
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Maintenance
Structural Issues- Hypergolic Spill

Maintenance

Action / Issue: Hypergolic Fuel Spill (McDonald-Gehman letter)
Background / Facts
— SIAT learned of hypergolic fuel spill 20 Aug 99 at KSC
— Occurred during OV-102 prep for shipment to Palmdale
— lIssue briefed to Shuttle Operations Advisory Group 1 Nov 99
Findings
— 2.25 oz. dripped from GSE onto left wing inboard elevon trailing edge
~ Spill cleaned; 2 tiles removed for inspection; no damage found
— USA employees at KSC received training; GSE improvements proposed to
minimize risk of future spill
+ Quick disconnects now separated at vehicle/GSE interface only
— Permanent panels now installed in each OPF, eliminates multiple QDs and flex
lines on interface and test panel for each job
Group Recommendations
— None; spill was small/cleaned/assessed no effect on TPS or wiring

[Fresmr W3 Maintenance | FINAL [fe 1oz n

Structural Issues- Hypergolic Spill
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Maintenance
Paper Work Review

Action / Issue: NASA's review of STS 107/109 paperwork showed
that current WAD accuracy may not be adequate to assure CoFR.
Background: CAIB requested NASA explain the methodology and
summarize their findings from the paper work audit with emphasis
on how they will use them wrt trends/corrective actions/applicability
Findings:
- Review of subsystem WADs is ongoing. Early results reveal
many “Findings” and “observations” in -107/-109 records
- "Finding” = “discrepancies that impact the technical execution of
the work™ per KSC/Palmdale Processing Review Teams
Guidelines and Criteria, Rev G,

+ Ex:incorrect guidance provided by the author/engineer and failure
to document corrective action or initiate PR/MR

FRSTSC 3Maintenance | P FINAL = 1ﬂ,2m

Maintenance
Paper Work Review

Findings:
— New WADs will be reviewed by one to three people (depending on
the system) who will sign it or stamp before being issued
+ Monthly sampling of WADs called Technical Accuracy Measurement
— Completed WAD steps may be reviewed by USA & NASA QA
— Closed WADs undergo several review layers by supervisors, USA
and NASA QA, engineers before passed to Quality Data Center
— No apparent documentation of findings outside PRACA if relevant
Recommendations:
- SSP program management should consider review of STS
114/115 records prior to flight
— NASA should institute a system to review and evaluate all CRIT 1
and 2 systems paperwork and sample the rest.

— Build a dogumentation quality control process to sample and
document errors to use in trend analysis and process feedback
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Fire (Pyro /Wiring / etc.) Fire (Pyro /Wiring / etc.)
0OV-102 Unique Wiring Configuration Internal Hazard

Action [ Issue: Determine reason for OV-102's unique wiring configuration
{left wing) and its role in data loss leading up to LOS
+ Background |/ Facts:
— OV-102 wiring outboard of MLG wheel well routed in 4 large bundles;
other orbiters have 7 small bundles
+ Findings:

- As the first operational orbiter, OV-102 had additional
instrumentation; nearly 90% of wires routed through this area
associated with OEX data gathering and/or disconnected systems

- Bundle securing method changed from clamps to tape siraps in
later orbiters; tape less able to secure large bundles — additional
smaller diameter bundles (0.5 in or less) required

+ Group Recommendations:

— Not causal, but inclusion in OEX data analysis/sequence of events
leading up to LOS will enhance investigation

— Role in data loss sequence TBD; NASA wire heating tests ongoing
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Orbiter Major Modification (OMM)

Action / Issue: Review/assess past OMM performance, movement of
OMMs from Palmdale (PD) to KSC, and OV-102's most recent OMM;
identify significant issues/concerns.
Background / Facts
— NSTS 07700, Volume I, requires each orbiter to undergo an OMM
every 8 flights or 3 years
* Orbiters are removed from service for varying amounts of time,
depending on work to be performed
— Length of OMM driven more by mods than inspections
+ Work includes baseline rgmts (tme/cycle changes), routine inspections
(structural), special inspections (wiring), mods, deferred work, and
correcting “stumble ons” (est'd at >40% of total work)
= OMMs typically involve more intrusive inspections/maintenance/mods.
than during flows {down-/up-mission processing)
* OMMs are a subset of OMDPs (Orbiter Maintenance Down Period),

which also include down-/up-mission processing {DMP/UMP!
"' MiMaintenance | % FINAL Side { of 21

Orbiter Major Modification (OMM)

Background / Facts:
— Studies/analysis since 99 on how intervals might be extended to
12 flights/6.0 years

+ Major challenge: Calendar rgmts versus flight rqmts; e.g., clock
continues fo run during post-Columbia grounding

+ General rule in industry: Time-based inspections become more frequent
as vehicles age

+ No decision to date

— By numbers alone, more mods performed in DMP/UMP than OMM
+ 2,177 (36%) of 5,985 total mods (fleet) done in OMM
+ Remainder, or 3,808 (64%), accomplished during flow (DMP/UMP)

+ Reflects philosophy of getting mods done when possible (schedule
permitting) vice deferring to OMM

+ Scheduling less complex mods during flows leaves OMMSs with increased
flexibility for more complex mods & unexpected problems

e [
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Orbiter Major Modification (OMM)

Findings (cont'd):
— Facilities: 3 bays at KSC, 2 at PD; KSC max'd after OMM move
+ Challenged to “juggle” 4 orbiters between 3 bays; increased workload/

disruption from movements; OV-103 moved 6 times in 9 months (prior to
OMM start in 9/02)
* PD OMMs historically a buffer; OV-102's loss alleviated situation
- Logistics: Capabilities growth at NASA Shuttle Logistics Depot
(NSLD) has reduced the need for West Coast duplication; even prior
to OMM move, support increasingly from NSLD
+ OV-102/J3: 2,663 orders/76,894 pieces shipped from KSC; 50%
hardware, 20% LRUs, 10% other (e.g., paints/chemicals)
+ OV-104/J2 (prior to OV-102): 1,538 orders/47,487 pieces
+ PD industrial shops have generally atrophied (TPS, avionics), with a few
exceptions (17" disconnect, cold plates); others (machine shop) continue
supporting other work & are called on for KSC backup capacity

===

M1Maintenance | FINAL [Fe 5o 21

Orbiter Major Modification (OMM)

= Background / Facts (cont’d)
— 10 OMMs to date

« 8at PD (OEM), including OV-102 “"AA” (demod from test/development to
operational configuration)

* 2atKSC: OV-10341 (2-8/92) and OV-103/J3 (in progress)
+ Durations (as measured from landing to launch) have ranged from 5.7
months (OV-102/J1) to 19.5 months (OV-104/J1)
+ Wide variation in durations result from variations in OMM content
— Historical challenges meeting 8 flight/3 year interval
« OV-102: 9 flights/4 years between J2 and J3
« OV-103: 9flights/4.5 years between J2 and J3 (in progress)
« OV-105: currently 8 flights/>5 years; next OMM: 11 flights/6+ years
« OV-104: 12 flights/6 years based on manifest & Oct 05 OMM

M1/Maintenance | FINAL

=

Orbiter Major Modification (OMM)

« Findings:
— OMM location weighed since early 90s: PD or KSC?

NASA IG (95): Cost savings at KSC, but due to complexity of scheduled
work and launch schedule, leave next 2 at PD

NASA IG (98). PD costlier, but “risk...greatly reduced”; “risk [at KSC]
outweighs potential cost savings™; *...reevaluate location when significant
changes occur.”

SSP conducted reviews, starting in May 01, to address most efficient use
of resources (personnel, infrastructure)

JSC Sys Mgt Office concluded significant savings between worst case at
KSC and best case at PD

Feb 02: NASA approved OV-103 OMM (Sep 02) at KSC
— Short term factors cited: FY03 budget shortfalls, FY 02 impact
— Long term: Life cycle cost reduction
— Slightly decreased launch rate from '01 (7) to '02 (6) a 2ndary factor

P o o
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Orbiter Major Modification (OMM)

+ Findings (cont'd):
— Workforce/labor expenditures appear more efficient at KSC, but too
early for any definitive conclusions
+ Last4 PD OMMs: 324 to 448 (blue/white collar) equivalent personnel
(EP); 383 average
— Additional KSC augmentation: 30-40 techs/inspectors/engineers
* Current KSC OMM (first 7 months): 235 EP projected, averaging 301
— No ather recent OMMs for comparisen (last OMM 10 yrs prior)
+ Potential reasons for KSC efficiency compared w/PD
— Larger workforce allows flexibility in shifting resources to match
peaks/valleys
— Steadier overall workload (not just OMMs) keeps worker proficiency
at a higher level, workers not laid offfmoved to other jobs as at PD
+ One concern voiced by several managers: ability of fluid workforce
(especially engineers) to focus
[EERN |
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Orbiter Major Modification (OMM})

Findings (cont'd):
— Workforce experience levels more stable at KSC due to fewer
workload fluctuations
~ 176 additional workers hired at KSC for OMM relocation; assimilated
throughout entire workforce (1,900) to minimize training load/impact of
inexperience
+ By contrast, 85% of PD workforce (342) during OV-102/J3 had prior
OMM or orbiter manufacturing experience
— Some experienced personnel strategically placed in other Boeing
jobs to preserve expertise, then recalled for OMMs
— Others laid off after OMMs, rehired prior to next OMM
— As OV-102/J3 requirements/workload increased, the workforce grew
to 500, experienced personnel were quickly “tapped out”, and
experience dropped to 58%; time spent training new/inexperienced
workers increased, including on-the-job training

Bl MiMaintenance [ FinaL

Crbiter Major Modification (OMM)

Findings (cont'd):

— HEDS Independent Assessment (IA) of OV-102 OMM
Contractor estimated 331-day flow; SSP directed 293; contractor initially
assessed schedule as "red”, though management subsequently agreed
based on anticipated efficiencies & revised schedule risk assessment
PD adequately staffed (initially) for the OV-102/J3 OMM, but unforeseen
problems/add’l work quickly exceeded capabilities
OMM requirements increased by 103% over initial planning (MSRR), and
by 82% after roll-in; high by comparison with other OMMs (see chart)
Wire inspection added 1-month after roll-in, B-week extension based on
expectation of 500-700 anomalies; actual - 4,600+ anomalies; SSP
allowed a second 8-week extension; inspection chit revised 6 times
Other technical surprises (e.g., cold plate corrosion) and procedural
problems (e.g., payload bay door rigging) exceeded scheduled time by
more than double and slipped power-on testing

[T WiMaintenance |*™ _ FINAL
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Orbiter Major Modification (OMM)

Findings (cont'd):
— Despite the large number of complications during OV-102/J3 OMM,
Columbia was delivered with 98% of all scheduled work completed
— “Traveled work™ to KSC equaled 9,071 hours (0.66% of total)
= OV-102 J2: 7,886 hours (0.89%)
+ OV-103 J2: 2,252 hours (0.38%)
+ Fully coordinated...no surprises
— 0OV-102 J3 "lessons learned” being applied to OV-103 J3 at KSC
+ Efforts at better communication: scheduling meetings 3X/wk; Ground
Ops reviews 2X/wk; program management reviews monthly
+ Healthy “give and take" observed at PMRs
+ Capabilities assessments for resource constrained areas (OPF tile
technicians and tile backshop) presented at PMRs
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Orbiter Major Modification (OMM)

Findings (cont'd):
— Support equipment capability comparable; slight advantage at PD
WRT large component removal/reinstallation due to OEM
+ Ground Support Equipment readily moved between sites
- Last PD OMM: OV-102 J3
Roll-in: 26 Sep 99; roll-out: 24 Feb 01
Initial duration: 293 days; actual: 517 days (76% growth)
Despite delay, roll-out achieved with 98% of work completed
Major mods included MEDS (glass cockpit), GPS, wireless video
Large growth in requirements/ stumble ons" (see chart)
HEDS IA KS-0003 (3/28/01) perspective
« “Poor performance on NASA, USA, and Boeing” (schedule/cost)
= “Work quality very good to excellent” (product)
Offers MANY important lessons leamed applicable to the fleet

|
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Orbiter Major Modification (OMM)

Findings (cont’d):
— Additional HEDS IA determinations
OMM management suffered due to an inexperienced flow manager
— Message to SSP was regularly optimistic re: key milestones

Flow manager used a new, unproven scheduling tool that proved
inadequate; returned to previous toal after 12-months

The rapidly rising number of anomalies made integration of workload
scheduling increasingly difficult

Integrated scheduling meetings were not held frequently enough to keep
abreast of changes (weekly vice daily); daily migs 12-months into OMM
The large volume of PRs generated by nonconformances inundated the
system and contributed to management difficulties

OMM problems were exacerbated by the Program Office turning the
process over to USA without a structured insight function in place

[ Wi Maintenance [ °™* FINAL

Orbiter Major Modification (OMM)

Findings (cont'd):
— OV-103 J3 OMM still a challenge
+ Requirements growth continues: 20 mods originally scheduled due to
budget limitations and conservative approach (first KSC OMM); however,
mods alone have increased to 84 (320%) by mid-April (67% thru OMM)
24 additional mods being held to not overload capability
- Despite growth, overall OMM flow well managed (compared to OV-102)
— AF Depot Maintenance Team benchmarking visit to KSC in Jun
« Invited by NASA Code M to assess OMDP/OMM processes
« Benchmark areas: documentation, policy/procedure adherence, logistics
(NSLD) support, “ship side” engineering support, safety, communication
+ Areas requiring reviewfincreased attention:
+ Requirements definition plans (e.g., MVP, OMRSD, QPRD) lack a
closed loop feedback to process to routinely/systematically adjust
+ Plans and scheduling can benefit from increased stability
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Orbiter Major Modification (OMM)

Findings {cont'd):
— AF Depot Maintenance Team/OMM areas requiring review (cont'd)
+ Orbiter sustainment roadmap must be tied into OMM requirements.
* Gov't/contractor relationships require review to ensure the right OMM
“behavior” is being incentivized
Conclusions:

— While there are specific baseline elements, no two OMMs are alike;
variations occur as orbiters age (wiring inspection, cold plate
corrosion), as mission rgmts change (reconfiguration for MIR) and, in
some cases, due to lack of funding; improving schedule and funding
stability can help reduce process variation and aid in better
planning/scheduling and less turmoil

— Increasing OMM intervals as orbiters age is counter to industry
norms; for high performance systems, it raises even greater

questions
[ o o
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Orbiter Major Modification (OMM)

Recommendations:

~ The Program Office MUST work to achieve greater stability in OMM-
scheduled work, particularly the number of mods (biggest driver of
schedule/workload variation); a continually changing schedule (rgmts
growth) creates unnecessary turmoil/stress and increases the
potential for quality escapes

- Managers (NASA/USA) MUST understand workforce/facilities
capabilities, scheduls to those capabilities, and take necessary
aclions to avoid exceeding them (ref. Capabilities Assessment
briefing)

— The SSP Office MUST determine how it will effactively meet the
challenges of inspecting/maintaining an aging orbiter fleet prior to
increasing the OMM interval

~ NASAJUSAF benchmarking efforts should be continued using the

PR Maintenance | 9% FINAL

same personnel as much as possible for continuity
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Orbiter Major Modification (OMM)
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Orbiter Major Modification (OMM)

+ Conclusions (cont'd):

— Relocation of OMMs to KSC provides many advantages over PD (e.g., a
more stable, more fully/steadily employed workforce), but also creates new
challenges

+ KSC advantages can still be overwhelmed if not carefully managed
+ Several NASA/USA/Boeing managers expressed concern over a fluid workforce's
(especially engineers) ability to focus
— The wire inspection chit and its timing (1-month after OV-102 roll-in) played a
major role in OMM schedule slippage
+ A“must do”, representative of technical surprises that will continue
— 0OV-102 J3 OMM “lessons learned” have fleet implications because:

+ As orbiters age, workload will likely increase

+ The likelihood of technical surprises will also increase

« A significant return-to-flight workload is highly probable

+ All of the above will generate new challenges, similar to those encountered during

QOV-102's OMM, for both managers/workforce
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Orbiter Major Modification (OMM)
Boeing/Palmdale
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Orbiter Modifications
OMM vs. Flow

ORBITER MODS IN OMM | MODS IN FLOW | TOTAL MODS
ov-102 608 1,058 1,666
0v-103 675 936 1,611
OoV-104 691 725 1,416
oV-105 203 1,089 1,292
TOTAL 2,177 3,808 5,985
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Required Time vs. Mods Performed

OMM History

0OV-102J3 OMM Workload Growth

Start: 9/26/99 Complete: 2/24/2001 Est/Act Time: 331/517 days

M
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OMM Requirements
Growth Comparison
ORBITER INITIAL ccB PERCENT
PLANNING BASELINE INCREASE
Qv-103 J2 383 532 39%
9/95 - 6/96
ov-105 J1 278 405 46%
7/96 - 3/97
0oVv-104 J2 461 844 83%
11/97 — 9/98
ov-102 J3 330 671 103%
9/99 - 2/01
ov-102 J3 330 591 79%
wio WIRE INSP

Frwaninr
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Preplanning | Initial Baseline |CCB cCB Percent
Baseline Baseline | wire Insp |Baseline | Baseline | Growth
(11/6/95) (411199) | (10113se9) | (10/25/00) | (4/31/01) | (since 98}
MCRs 66 70 75 99 102 85%
Mod 62 68 80 142 152 145%
Kits
Tech 28 36 42 56 58 107%
Orders
TCTis & 55 58 68 100 110 100%
NSW
Deferred 105 150 194 204 206 96%
WADs
Chits 14 17 20 37 43 207%
Total 330 399 479 638 671 103%
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S$TS-107 Vs Past Experience

Action / Issue: Compare STS-107 key parameters to past experience
and design limits
Background / Facts:
— STS-107 key parameters extracted from RSS99D0510D, “Space
Shuttle Life Tracking”, March 2003
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STS-107 Vs Past Experience

= Findings:
— All STS-107 key parameters compared have responses less than

the maximum experienced in the fleet and the design limit values
— No issue discovered to date
+ Recommendations:

— Incorporate information into Ascent Integrated Scenario
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STS-107 Launch/Ascent

= Action / Issue: Review STS-107 structural responses during ascent
« Background / Facts:
— Structural response of Shuttle depends on a combination of:
* Flight control commands
* Shuttle responses (o and 3 changes, gimbal angles, LOX slosh, etc))
* Environment through which Shuttle ascends (winds, et )

— Guidance commands in the Day of Launch I-Load Update
(DOLILU) provide input to flight control software
* Inputs to DOLILU: measured winds, atmospheric data, vehicle config.
* What DOLILU targets: angle of attack (), angle of sideslip (B),
dynamic pressure (q) as function of Mach number
* DOLILU Outputs: guidance commands to control
- Vehicle pitch & yaw attitudes
- SSME throttle
+ SSME & SRB gimbal angles controlled by flight control software
« DOLILU is used to ensure vehicle is flown within an acceptable
structural loads envelope

[Pt M3 Matedal |2 FINAL [s= o> iR

STS-107 Launch/Ascent

+ Background / Facts: (cont.)
— DOLILU inputs (winds)
+ Based on observation from Jimsphere balloon released at L-4:35
* Verified using data from Jimspheres released at L-3:25, -2:15, & -1:10
+ STS-107 Data
= L-4:35: Max wind shear of 41.0 fps at 34,300 feet = 74.0% of design limit
= L-3:25: Max wind shear of 46.0 fps at 33,800 feet = 83.1% of design limit
= L-2:15: Max wind shear of 43.6 fps at 33,400 feet = 78.6% of design limit
— L-1:10: Max wind shear of 26.9 fps at 33,400 feet = 70.9% of design limit
— No exceedances on any Jimsphere data
— STS-107 Experience (wind shear) at MET = 57 sec and Mach 1.27
+ Not measured by vehicle — no capability to do so
— Post-launch (L+15) Jimsphere confirmed wind shear was less than
design limit
— L+0:15: Max wind shear of 37.7 fps at 33.200 feet = 68.0% of design limit
+ Also ~40 ft/sec |ess than L-4:35 wind shear used for DOLILU
+ See next chart
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STS-107 Launch/Ascent

+ Background / Facts: (cont.)
— STS-107 Experience (wind shear) at MET = 57 sec (cont.)
+ Due to wind shear, the following Shuttle responses exceeded prior
flight experience (See next 3 charts)
— Orbiter j of 1.6 degrees
— SRB gimbal angles
— SSME #3 pitch gimbal angle
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STS-107 Launch/Ascent

SSME-3 Pitch Gimbal Position
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STS-107 Launch/Ascent
Gage # A08 Left

S§TS-107 (A0BL) Flex Reconstructed Wing Load Indicator, MADS Data, And Maximum
Rigid Reconstrucled Peaks For Previous OV-102 Flights vs Redline Limit

o
i
0
B -
s 1 T
a0 =
bl
Sl o ”‘q.,__pﬂcja FAY v
b e LY S 4
B LI, " W L™
i T Ty
q -550 AT
2w .
i Chaf FhL]
= o =
a0 =
w00
5o
o = - —
s
s P
-HSO -
P % s - .; as W 5 ™ T w0
TIME (SEGS), TREF= 016:15:38:50.004
: e e T
T - o a oo o e e
. o e . R + o
P piaMaterial ] 2™ FINAL 1= QM:M“

STS-107 Launch/Ascent
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S§TS-107 Launch/Ascent

+ ¥ Background / Facts: (cont.)
— STS$-107 Experience (winds shear} at MET = 57 sec (cont.)
« Shuttle left & right wing responses were predicted (“reconstructed”
using flex-body analysis}, obtained via MADS data (QEX), and
compared with previous missions and design limits (see next 11 charts)
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STS-107 Launch/Ascent
Gage #A08 Right

8T5-107 (ADBR) Flex Reconstructed Wing Load Indicator, MADS Data, And
Maximum Rigid Reconstructed Paaks For Previous OV-102 Flights vs Redline Limit
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STS-107 Launch/Ascent
Gage # A16 Left and Right
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STS-107 Launch/Ascent
Gage # A22 Left and Right
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STS-107 Launch/Ascent

«¥ Background / Facts: (cont.)
— STS-107 Experience (ascent oads)

+ Max & min predicted (“reconstructed” using rigid body analysis) loads
on ET-Orbiter attachments, struts, and orbiter body also measured and
compared against design limit during ascent (see next 4 charts)

+ Highest % of limits indicated with red arrow <+—

STS-107 Reconstructed Max/Min Attachment Loads

ET - Attachment Loads
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STS-107 Reconstructed Max/Min Attachment Loads

Orbiler - Attachment Loads
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Reconstructed left wing root moment for previous flights

STS-107 Launch/Ascent

+ Background / Facts: {cont.)
— STS-107 Experience (winds shear) at MET = 57 sec (cont.}
+ Predicted (“reconstructed”) wing root bending moment was compared
to wing root bending moments from other missions
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STS-107 Reconstructed Max/Min Attachment Loads
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Orbiter Unit Load Indicators - Right Side |
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S§TS-107 Launch/Ascent
SRB Actuator Angular Deflections

Background [ Facts: (cont.)
— STS-107 Experience (SRB gimbal oscillations)

ST8-107 accelerometers & SRB actuators show 0.6 Hz oscillation
All missions experience a 0.6 Hz frequency content

— 0.6 Hz frequency due to LOX slosh and winds

- Missions 2, 51, 53, 84, 85, 90, 97, & 101 experienced similar oscillations
Left & right rock and tilt actuator positions were compared to program
experience, Performance Enhancement (PE} mission experience, PE
analysis database, and design limits (see next four charts)
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STS-107 Launch/Ascent

Findings:
— Qut-of-experience events were within certification limits
— Flight Control System operated as designed
— During the wind shear event at MET = 57 sec, wind shears, sideslip
(B) angle, SRB gimbal angles, SSME #3 gimbal angle, and
observed & predicted left & right wing loads were all below design
limits
+ All wing loads were < 50% of design limits
— Maximum attachment and orbiter body loads during entire ascent
were below design limits
— Wing instrumentation indicates more cycles on left vs. right wing
— Left & right SRB rock and tilt actuator positions were within design
limits
Recommendations: None
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Documentation:

'

STS-107 Launch/Ascent

“§TS-107 Natural Environments Data,” Marshall Space Flight Center, Engineering
Directorate, Environments Group, (ED44), 10 Feb 03

“DOLILU & Structural Loads,” response to RFI B1-000123, 4 April 03

*STS-107 Integrated Ascent Timeline," 8 May 03

“STS-107 Flex Reconstructed Left Wing Unit Load Indicators, MADS Data, And
Maximum Rigid Body Reconstructed Peaks For Previous OV-102 Flights Versus
Variable Redline Limit,” E Dougherty, 17 May 03

“STS-107 Flex Reconstructed Right Wing Unit Load Indicators, MADS Data, And
Maximum Rigid Body Reconstructed Peaks For Previous OV-102 Flights Versus
Variable Redline Limit,” E Dougherty, 17 May 03

“RSRM Actuator responses During STS Missions,” response to RFI B1-000170, file:
E-Mail from Rod Wallace, 3 June 03.
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STS-107 OEX Ascent Data

Action / Issue: Review STS-107 OEX ascent data for anomalies
Background / Facts:

- Ascent significant events included:

+ 60 seconds — wind shear occurred at Mach 1.37 at an altitude of
approximately 32,000 Feet

+ 82 seconds — foam impacted orbiter wing at Mach 2.46 at an
altitude of approximately 60,000 feet
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STS-107 OEX Ascent Data
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STS-107 OEX Ascent Data
106 Ty i o |
iR 4bit drop for other flights _ o i
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S§TS-107 OEX Ascent Data

Findings:
— 8T8-107 wing front spar temperature sensor measurements
compared to previous 7 missions show unusual activity
+ One extra bit drop during ascent through MET=180 seconds

« Earliest bit increase during ascent (approximately MET=330
seconds versus MET=600 seconds for others)
+ Two extra bit rise during latter part of ascent
Recommendations:

— Incorporate information into Ascent Integrated Scenario
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Rough Wing
Structural Issues

* Action /issue:
— Effect of Roughness (Keq) on Orbiter Heat Load
» Background / Facts:
— Speculation that OV-102's wing was “rougher"—Keq nearly
twice that of other orbiters
- High Keq causes early transition to turbulent flow and greater
heat load (hotter longer)
* Findings:
— Found that OV-102 Keq similar to that of other orbiters
* Recommendation:
— Continue to emphasize the importance of minimizing Keq
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Boundary Layer Transition

[Freserier M3Materisl [P FINAL =207 [t

Step and Gap Measurement

+ For an unfilled gap: Keq={(step)* +(gap-0.045)"?
$= step measured from low tile :'*E « For locations where the gap Is 0.045” or less
w= gap width ¥ Keg=step
5y g HGHTIE
|
ORI

» For a gap filied with a gap filler or thermal barrier with a circular crown:
s= step measured from low tile

Measurement Locations

w= gap width
d= recession from the
low tile
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e
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OV-102 Transition History
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Maximum Temperature (°F)
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Fire (Pyro /Wiring / etc.)
Kapton Wiring as Causal

» Action/lIssue: Assess Kapton wiring as a fire/explosion risk to QV-
102/8TS-107.
+ Background / Facts:
— Kapton insulation proven to degrade under certain conditions
— Insulation degradation leads to risk of shorting between wires
+ “Arc tracking” along length of wire
+ Arcing can damage adjacent wires
+ Findings:
- In-depth inspection of OV-102 during J3 OMM (Sep 99 — Mar 01)
identified/corrected numerous nonconformances (nearly 5,000)
* Prompted by damaged insulation/shorted wire/loss of power to two
of six main engine controller computers during STS-93 (Jul 99)
- OV-102 inspection results formed a good baseline for subsequent
studies/development of preventive measures
+ Most common cause: work-induced, either during
inspection/maintenance
+ Other causes: improper installation (routing/securing) during
manufacture; moisture intrusion, chemical spillage

[Prssrr 3 Maintenance |2 FINAL [ 1ora m

Fire (Pyro /Wiring / etc.)
Internal Hazard

» Conclusions:

— Based on extensive wiring inspections/maintenance/modifications to
OV-102 prior to STS-107, analysis of sensor/wiring failure signatures,
physical verification of those signatures, and prior Kapton wiring
studies, Kapton’s role as causal to Columbia's loss is highly unlikely

+ Recommendations:

— Inspection of remainder of fleet planned/being executed
Partial inspection completed on all orbiters during initial grounding
Complete inspection to occur during respective OMMs
- QOV-103 currently in progress with expected completion in Apr 04
- OV-105 to be completed in 04 (input date accelerated to summer

OV-104 must be fully inspected as soon as possible

Presenter pi3Maintenance | % FINAL

Fire (Pyro /Wiring / etc.)
Internal Hazard

Findings (con’t.):
— Despite numerous ongoing studies of alternate insulators, Kapton still
viewed as a leading candidate
+ Various reasons: Kapton does not burn, but carbonizes at approx
650 degrees C; also lightweight, durable
— Telemetry from OV-102's last minutes prior to breakup does not point to
Kapton wiring as causal
+ Data from 14 left wing sensors analyzed: hydraulic line/wing skin/
wheel temperatures, tire pressure, & landing gear downlock position
+ Sensor failure signatures consistent with leading causal scenario of
left wing thermal intrusion, NOT with Kapton-associated failure
— Actuallextensive NASA testing immediately following Columbia tragedy
verified failure signature analyses
+ Kapton wiring subjected to oven, blowtorch, and arc jet heating
— Testing/analysis for years prior to STS-107 showed Kapton wiring wilow
voltages & low currents associated with orbiter instrumentation (such as in
the left wing) have a very low probability of arc tracking

[Preseriee pyamaintenance [P FINAL
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Fire (Pyro /Wiring / etc.)
Internal Hazard
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Fire (Pyro /Wiring / etc.)
Internal Hazard

Action / Issue: Determine conditions necessary for auto-ignition of
pyrotechnic devices and their role in STS-107's loss
Background / Facts:
— 137 NASA Standard Initiators (NSI) used throughout shuttle
* 102 units fired during nominal mission
* 35 units for emergency applications (including landing gear extension)
Findings:
— Qualification requirement: No auto-ignition with thermal soaking of
425 deg F for 1 hr.
— Individual component chemicals auto-ignite at 700-750 degrees F
— Actual cartridge testing (1 Feb):
« Assets removed from NASA stock; manufactured Feb 84
+ Auto-ignited at 598 deg F
Group Recommendations:
— While not likely to be causal, pyro cartridge auto-ignition due to
wheel well heating must be included/accounted for in any failure
scenario involving thermal intrusion into the LMLG well
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SRB ETA Ring

« Action/Issue: SRB ET attach (ETA) ring has reduced properties
+ Background / Facts:
— Recent material testing discovered strength values less than the
design requirement
+ Minimum requirement is 180 ksi
* Lowest value from 2 S/Ns is 144 and 150 ksi
— Issue presented during ET tanking meeting on 16 Jan 03
— SSP CR 5091496 approved cn 16 Jan 03
+ Waived the factor of safety requirement of 1.4, accepted 1.25
+ No full technical review prior to launch of STS-107
— ETA design life is 40 missions (inspection interval is 13 missions),
STS-107 ETArings:
+ Left: S/N 19, 9 flights prior to launch
* Right: S/N 6, 12 flights prior to launch

[P M3material P FINAL e

SRB ETA Ring

0.25 inch thick
ring plate

locations 3
(splice plate
mounting hol

/ ; in web)
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ﬁ SRB ETA Ring
— :

Lower strut mount
( view rotated)

Diagonal strut mount
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SRB ETA Ring

00 o et s e
Frequency Chart for Tensile Strength
SIN's 9,13, 23
2 ; e
M
% 20 || Fluspes 180 ksi -
£ g below spec. strength: 161 ksi
8 Standard deviation: 97 ksl
5 1 SING lowest strength: 144 ksi
¥ SN 13lowest strength: 150 ksl
L SN 23 lowest strangth: 186 ksi
R T O — b
w0 ¥

145 150 155 180 165 170 175 180 1B5 190 195 200 205 210 5
Ftu (ksi)
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SRB ETA Ring

« Background | Facts ;
— 8T8-107 strength analysis performed using 147 ksi
+ Factor of safety reduced to 1.25 (ET tanking meeting value)

MSFC recommended using 1386 ksi based on metallurgical
assessment in March 2003

* Factor of safety reduced to 1.16
— Below design minimum thickness measured on 7 ETA rings in
March 2003
— Strength analysis being revised accounting for hardness test
results correlated to strength and actual part thickness
* Both the current analysis method (linear material properties)
and non-linear analysis methods are being utilized

I

[Preemer " Mapaterial [P FINAL [ 5ot

SRB ETA Ring

+ Background/ Facts :

— Non-linear analysis method (takes advantage of entire material
stress-strain response) to determine ultimate strength capability
validated by test of specimen shown below

— Good correlation between predicted and measured strains and
failure load was obtained
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SRB ETA Ring

ETA Ring Ftu =147 ksi Ftu = 136 ksi Ftu = 136 ksi
Area {8T8-107 Waiver) Nan-linear analysis
# : - | Uinearanalysis with | Linear analysis with | using Material Stress-
(same areas = Modulus of Rupture Modutus of Rupture Strain Curve
twd & aft web plates) Factor of Safety Factor of Safety Factor of Safety
1 W-131-W13z 138 121
(2] wzse-wzao 136 126
3 W243-W250 12T 116
4 w200 135
5 W208 131
5 W60 2140 129
7 wa1 1.30 ( D-Holes)

Summary of Original, Revised and Current Strength Analysis

[PressomseppaMaterial [0 FINAL [os 70f12
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SRB ETA Ring

Background / Facts :
— Total quantify of SRB ETArings is 17
~ 8 rings were readily available for hardness and thickness
measurements (thé others require some level of disassembly) and
have been completed
= S/Ns: 5,6,9, 15,16, 19, 22, 24, and 27
- Strength analysis performed using linear analysis (more
conservative) and actual hardness and thickness resits
+ S/N 16 has a region with a factor of safety less than 1.4 and a
region with low hardness results
+ The other 8 S/Ns have a minimum factor of safety > 1.4
+ S/N 15 has a couple of regions with marginal hardness results
— All rings have factor of safety > 1.4 using non-linear analysis
method
— 9 rings have completed NDE in the critical regions
~ All rings will undergo a complete re-baselining NDE, S/Ns 9 and 24
are in-work to support first return to flight

[o=  FiNaL Jsice B of 12
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SRB ETA Ring SRB ETA Ring
znmsl §;“,.'2‘,' » Background / Facts :
Nao. FOS FOs
A 184 | 183 — NASA'’s short-term plan:
1866 NA
2 :ﬁ 1:: = Complete NDE on 9 uninstalled rings
3 18 s » Uninstall the remaining 8 rings and perform hardness and
4 15‘; 67 thickness measurements and NDE
5 — NASA's long-term plan:
L 1 23 :’i + Replace ring web plates with new material or material that
: 1 ng i meets specification and proper thickness
A z 14.7,? + Implementation plans have not been approved by the program
s A
Probanst  pasatedal [T FINAL Siide g of 12 Presenier 73 Material P FINAL Blids g of 12
SRB ETA Ring :
) i - SRB ETA Ring
Category: Other Significant Finding
« Findings: + Documentation:
~ Short-term plan to include hardness and thickness measurements — PCRB briefing, "SRB External Tank Attach Ring Status”, June 5,
S g 2003
and NDE of the 8 remaining rings is adequate .
§ — MSFC/ED33 document, “Strength and Safe-Life Parameters for
— 7 of the 9 rings measured to date appear to be adeguale for limited 4130 ET Attach Ring”, 28 May 2003
uae — Briefing by D. Martin, “SRB External Tank Attach Ring”; Action
— Long-term plan is the best approach, funding and implementation CAIB-NAIT-00154, B1-00153, 14 April 2003
schedule has not been authorized by the program - Briefing by P. Gutierrez, “SRB External Tank Attach Ring Program
. Recommendations: Requirements Control Board”, 26 March 2003
Dort NGRS R eI presahteordlt ~ SRB ETA Ring Factor of Safety Change Request, 28 Jan 03
— Don an sent condition . )
use e b e — Briefing by R. Elliott, *STS-107 (BI116} ET Tanking Meeting
— Accelerate implementation of long-term plan Program — Solid Rocket Booster”, 16 January 2003

[Poseer M3Material  [O%  FINAL Sie 44 of 12
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Maintenance Turnaround Work
Other

Action / Issue: Active maintenance of critical technical institutional
knowledge and know-how

Background / Facts:
— Aging workforce working on an aging fleet
Findings:
— USA has training program to grow workforce with expertise levels
commensurate with training and experience
— Available technical expertise for sustaining NASA QA technicians
+ Continuing education and training

— Training challenges for existing workforce to adapt to new
inspection and maintenance requirements

— Impact of contractor culture, NASA culture
Group Recommendations:
— NASA should continue to menitor critical personnel issues

[Preseme paMaintenance [P FINAL = wﬂ_

USA Proprietary Information
Not for Release

USA Age Distribution

; HoE-aAl

[Pesemmr MaMaintenance T2 FINAL
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was W USA | Texas | Florida

Average Service 13.7 12 148
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e . Not for Release
Attrition in USA

USA Attrition Remains Below Industry

#0-

=
=1 ) m
BRI T
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USA Proprietary Information
Not for Release

USA Engineer Process Age Trends
USA Engineering 2003
VS,

Engineer Aging

"I uS Aeros; 1999
- UsA 7 3

: Aﬁe Gn:;up -

II” USA Engineering Proc 4 2

e e & 0w e e R R 0w
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USA Proprietary Information
Not for Release

USA Sources of Staffing

Hiring Sources

* Aermspave Companies - 3%
Lackiend athesn e IN—.
[ r— osc Gt Bty
= o Aernspace (umjaies - W%
Sirmans Hares Corpostion ol ot

B en Compan

* Recont Grads - 2%

Florida Texas
L 15% Rel . ]
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USA Proprietary Information
. Not for Release
Transfer Rights

USA, Bocing & Lockheed Service Recognition Used to
Facilitate Employee Transfers

* Service with Members (Bocing and Lockheed) is
recognized for:

Vacatin cligibility
- Leave acerual
Sorvinas Plan participation and vetioy

- Penion Pan sccrul und vesting

Prestnar 3 Maintenance | ™ FINAL s 7oi7 d

Service Awards
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Action / Issue: NASA/USA's Safety & Mission Assurance has had

significant changes in warkforce & inspection methodology
Background / Facts:

— Sufficiency of Government Mandated Inspection Points (GMIPs)
was questionable by numerous testimonies

Observations and interview information:

— Need thorough review of quality program requirements (doing non-value
added looks but not some critical items — e.g., hydraulic pump installation,
mating of SRBs)

— Penny wise and pound foclish? (batteries, lights, inspection mirror tools)
— Yielding te contractor (FOD definition, schedule, nonexistent unscheduled
surveillance)

— Unsupportive quality program management at KSC (instances of having to
go to NASA HQ for resolution); dysfunctional organization of “camps”

+ KSC GMIPs reduced from 44,000 in 89° to 22,500 in 96" to 8,500 now

Maintenance
Safety & Mission Assurance

Observations and interview information
— Abundance of “fly as is" dispositions
— Government inspector hiring eval needed (DCMA and NASA PDs)
— Disgruntled employees at MAF
— Safety and security consistently rated strong
— Potentially too few govemment inspectors
« Findings:
— Quality assurance done by S&MA, SQ&MA and some engineering
— QA's role in process improvement through interpretative trend analysis of
PRACA and the Integrated Quality Support database is inconsistent and
not integrated between the players.
— NASA inspectors inconsistently use the Hex or reject stamp for jobs
closed out by SQ&MA (testimony given to CAIB staff)

= Consequently, NASA S&MA has no means of tracking/trending for use as
evaluation tool for personnel training and assessment
[Presemer Mamaintenance [P FINAL [EEED Prssmier h3/Maintenance [ °™*  FINAL LD
Maintenance Maintenance
Safety & Mission Assurance Safety & Mission Assurance
P Government inspections ... ~
& “‘%% * Findings:
s .
:“F N
fSpread thin {even for few GMIPs) Reduced GMIPs %
[ |
§ Flow delays waiting for inspectors

Reduced coverage (3 in OPFs?)
% Contractor Pressure to inspect

Nothing other than GMIPsj
% Contract incentives to meet dates

\ Zero surveillanc
%
% Adversarial conditions

— NASA involvement beyond GMIPs is very limited. Sampling of
routine or non-critical tasks not formally done

— GMIPs review process is ad hoc with no regular methodology for
review of historic data to adjust QA emphasis

— S&MA manning levels dropped due to retirements and moves to

engineering posts without replacement
+ Interviews:
: i o — KSC - with additional quality inspectors (several suggested by previous
R Reliance on “diving catches interviewees), and the head and deputy of the quality program
1‘-.‘_&_ Jf — MAF -- with additional quality inspectors (several suggested by previous
el ™ interviewees)
Underscored by SIAT
and other recommendations
[Pressmer yygaintenance | FINAL = [T e —— [T [ oo
Maintenance Maintenance
Safety & Mission Assurance
* Reviews

— Contract regarding items such as FOD, engaging NASA inspectors during
the flow
— Facility upkeep and needs

— Quality Planning Requirements Document
— Quality inspector PDs

— Past reports observations & recommendations (eg., SIAT, Rogers. ASAP, GAD)
Recommendations:

— Independently-led bottom-up review of QPRD at KSC and MAF

with intent to validate adequacy of oversight in terms of # of
GMIPs, scope of authority outside the enumerated GMIPs and
manpower

- Add tasks to GMIPs that evaluate hardware and housekeeping

- Build a regular review process to evaluate assurance program to
provide trend analysis data, for training and inspection targeting

[Presarit” iz Msintenance [P FINAL
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— NASA Code Q examinat

Safety & Mission Assurance

Recommendations:

— Broaden S&MA inspections to include statistically-driven sampling
of all maintenance-related processes

+ Should go beyond GMIPs specific events to validate USA Quality
inspection results and verify work quality before close out

+ Include a process to samplefvalidate documentation of maintenance
for completion of the tasks and adequacy of the audit trail

— Validate S&MA workforce is adequately sized and manned to
accomplish it's mission to enforce quality and safety

— Implement the NNBE “madel for compliance verification”

— Return to past closed loop discrepancy system

— Return to true FOD definition, enforce “clean as you go” program

— Ensure no closeout work can be done by a single person alone
(e.g., foam spraying)

— Allow employees to accomplish the duties in their PDs (!)

responsibilities at K;
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Maintenance
FOD Policy

Action / Issue: USA/NASA Foreign Object Damage {FOD) Prevention
Programs Require Evaluation
Background / Facts:
— USA program consists of daily debris walk-downs by management,
workers “clean as you go,” and statistically-based process sampling
— 23 separate chacks of launch pad complex from pre- to post-launch
accomplished in varying levels of detail by various organizations
— USA FOD prevention metrics differentiate “FOD" and “process debris”
« “FOD" -- After job is stamped
+ “Processing Debris” -- Before job signoff or end of shift
— No other NASA contractor uses this category
Findings:
— FOD prevention is highly emphasized in USA/NASA daily operations
— Assessment of responsibility is delineated: S&MA (NASA) responsible
for FOD and SQ&MA (USA) primarily responsible for Process Debris

[Preserer MaMaintenance | FINAL &= 1oia n

Maintenance
FOD Policy

Recommendations:
Greater NASA involvement in FOD program beyond GMIPs or
occasional process sampling may improve program emphasis
NASA's role regarding the FOD program should be evaluated for
expansion of inspector involvement, and expansion of inspections
Add random “Process Surveillance” of all processes, including
FOD prevention
— Eliminate alternative definitions of FOD

+ Could be interpreted as diminishing significance

+ Eliminate lines that separate NASA and USA quality assurance by
authority over FOD prevention

Realign Award fee algorithm to increase FOD impact

[Pretsse wigjuaintonance [ FINAL
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FOD Policy
FOD Statistics
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Maintenance
FOD Policy

NASA inspects and assesses FOD failures only after USA has
closed a WAD

“FOD" is an industry standard term — basis for prevention
programs and immediately recognized as critical part of prevention
Commonly expressed opinion: FOD was redefined to
accommodate SFOC award fee determination

FOD and Process Debris are “feeder” metrics that are rolled up into
the TMR's scoring for inclusion in the SFOC award calculation.

+ First half FY 03 performance assessment: the “good” FOD rate
canceled out the moderate Process Debris rate

+ Unique effect of splitting FOD into two metrics

+ Second half FY 02: 2™ straight poor performance in both categories,
award fee impact minimal, received highest score ever in roll up

FOD found on launch pad is a direct award fee impact

[Presemer M3maintenance [P FINAL [= 2o

Maintenance
FOD Policy

Process Debris Statistics

Frocess Debi Electvenmes
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Maintenance
FOD Policy
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Maintenance
Capabilities Analysis

+ Action / Issue:
- Do NASA/USA ground operations managers routinely assess their
capability to support the launch schedule?
+ Do they have the tools to identify when they are approaching (or
exceeding) the "ragged edge”?
« Atwhat point does a launch schedule become unsupportable from a
ground processing viewpoint?
+ Background / Facts:
— Six launches originally planned for FY02/03; 4 more in FY04/1&2Q
+ Compare with 8 in FY 81/7 in FY 92
- SSP combined workforce (NASA/USA) at KSC totals 4,400 today
* Compare with 8,900 in FY 91/8,400 in FY 92
— A professional, high-tech workforce (both white- and blue-collar) is
typically not easily expanded to respond to fluctuating requirements

[ \aMaintenance | FINAL Teo 3 or 13 gl

Maintenance
Capabilities Analysis

Findings (cont'd):
— Both Orbiter Operations (OPF) and Integrated Logistics (TPSF) are
assessing capabilities against requirements
« Briefed at 1 May OV-103 OMDP Program Management Review
« Presented various options to potential increases in requirements
— Work employees longer, augment wark force with additional
manpower, slip delivery schedule
- For TPSF, additional options included:
+ Reactivating Palmdale tile shop to produce test tiles
+ Augmenting KSC with Palmdale technicians
= Both capability assessment efforts in a fledgling state

— Represent efforts to communicate workforce constraints and
mitigation options to higher management levels

Frevariar =
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Maintenance

Capabilities Analysis

* * Findings (cont'd):
— What if the launch schedule is inflexible?
+ Work longer hours, increase workforce size, or adjust milestones
internal to the processing flow
— Longer hours bring well-recognized concerns
+ Potential for increased mistakes, injuries, higher costs
— The workforce has been "leaned out” by 50 percent since 91
+ While more efficient than ever, surge capability is primarily thru overtime
Increasing the size of a professional, high-tech work force is not quick
Tile technician (OPF): approx 1 year necessary to work independently,
longer until fully qualified
Tile technician (back shop): approx 3-months necessary to work
independently, 3-5 years until fully qualified
— Management must have the ability to routinely/accurately forecast
capabilities, compare against requirements, and have sufficient lead
time to take mitigating actions

[
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+ Findings:

Maintenance
Capabilities Analysis

— Workload variations driven by numerous factors
+ Vehicle age, modifications, mission requirements, etc.
— One example: OV-103, currently 8 months into J3 OMM
+ 28 percent growth aver original tile replacement projections
« 11.5 percent tile growth over original projected man hours
« Potential additional tile growth ranges from 7 to 24 percent
— From original 82,522 to 111,892 man hours
— Second example: TPSF (“tile backshop”)
= Currently supporting OV-103 OMM, OV-104 flow
» Test tile production (CAIB support) increasing rqmt by 473%
— Mar - May 03: 128 originally projected, 606 now required

| EEETIREN |

w =
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Maintenance
Capabilities Analysis

Findings (cont'd):
— Ground Operations managers also “plowing new ground” with
capability assessments using “equivalent flow” (EF) model
« Based on OPF standard flow of 315,000 man hours
+ Total (OPF/ET/Booster/Integration} of 525,000 man hours
+ OMM baseline being developed using OV-103
— 700,000 man hours estimated
» Adjustments made based on OMM/flow content
» EF capabilities being applied against launch schedule (manifest) to
determine shortfalls
— Original FY 03/04 manifest exceeded EF capability by as much
as 64%
— Managers envision being able to level "peaks” and fill in “valleys”
— Managers using EF capabilities to develop mitigation plans
— Key question: How flexible can/will the launch schedule be?

[s% 4013 _
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Maintenance
Capabilities Analysis

Recommendations:

— Ground Operations managers have been developing a complement
of tools in recent years to do capability assessment modeling
* They should expedite efforts to refine these models (e.g., the
equivalent flow model) and use the results to take proper
action(s) when requirements exceed capabilities

— Managers need to develop sufficient confidence in capability
assessments to use them in manifest and resource planning
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Maintenance Capabilities Analysis
Launches and NASA/USA Personnel Reductions

_@ Launch Rate and Resources (FTE)
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Maintenance Capabilities Analysis
Tile Backshop Work Mitigation Options

Requirements vs. Capacity

* 15 day delivery schedule
« NovemberDecember 2003 risk
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Maintenance Capabilities Analysis
OPF Tile Technician Requirements vs. Resources

OV-103 OMM TPS Resource Supply/Demand

ThS Wark
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TILE REDO!
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Maintenance Capabilities Analysis
OPF Tile Technician Rgmts Growth vs Capability

OV-103 OMM TPS Resource Supply/Demand
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Maintenance Capabilities Analysis
Equivalent Flow Model Example - Power-On Requirements

Upger Solid Line: Max Possible Requirement  Lower Solid Line: Capability wiNormal Shifts
Dashed Blue Line: Capability w/Overtime Bar helght: Projected Requirements

Resources USAGO Orbiter Power Capability
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Maintenance Capabilities Analysis
Tile Backshop Modeling - Options for Increased Output

Promodel Output Simulation

* Promodel simulation showing effect on output

usa
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Maintenance Capabilities Analysis
Tile Backshop Workload

Production Estimate

+ Basis of estimate

T mmenrce [ P T v orvo TR
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Carrier Panels

+ Action / Issue: Determine adequacy of maintenance requirements for
carrier panel fasteners
+ Background / Facts:
— Upper and lower access/carrier panels closeout the WLE between
the RCC panels and the wing front spar
— OV-102 has 794 total carrier panels including the OMS pods
— WLE lower carrier panel utilizes a gap filler referred to as a
horsecollar

— OV-102 left wing lower access panels had 27 horsecollars replaced,
9 HRSl tiles replaced, 9 fills in the gap filler material, 12 HRSI tile
repairs and 7 MRs

— OV-102 left wing upper access panels had 7 HRSI tiles replaced, 7
HRSI tile repairs and 7 MRs

[Prosenmr 3 Material O™ FINAL

.

Carrier Panels

Background / Facts:

— Post-flight inspection after STS-87 (OV-102-24, 1997) revealed a large

step in the number 4R lower access panel

Reference Boeing Report KLO-98-002, “Mission STS-87 OV-102
Flight 24 Thermal Protection System Post-Flight Assessment”,
March 1998

A 0.4" gap under the head of the bolt was discovered during panel
removal

No signs of overheating were noted

The remaining fasteners were inspected and low torque values
were found but none were unseated (report doesn't provide
quantity)

“Bolts were retorqued and the problem was resolved”

[Prssoer Maimateral [P FINAL
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Carrier Panels

Carrier
Panel
Fastener

Top
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Carrier Panels

Background / Facts:
— During OV-103-25, STS-95, 1998 a carrier panel on the OMS pod
Y-web door peeled back and structure under the panel was
damaged during entry

— Torque check of all the fasteners on OV-103's and OV-105's OMS
pod Y-web doors were performed

* OV-103 had 4 loose washers found spinning under the fastener
heads, and 13 out of 44 fasteners with low torque

* OV-105 had 7 fasteners found with low torque
— Concluded “no concern for loose TPS carrier panel fasteners”
— Recommended monitoring plan for fastener torque

* 2 lower LESS carrier panels (1 LH and 1 RH)

+ 2 star tracker carrier panels

+ 2 OMS pod stringer carrier panels

[Frosener 3 /Material ] P FINAL

Carrier Panels

Wing Carrier Panel Locations Shown in Red

Preseotar 43 Material Daie  FINAL Side 5 0f 19

Carrier Panels

Other Carrier Panel Locations
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Carrier Panels

LA LESS BNL #7 DAMAGE 70 THLE TILE SLMPING ADJ 0 R T-SEAL

0V-103-01, WLE Carrier Panel 7L Slumped Tile (1984)

[Freenier " mamaterial [P FiNaL

Carrier Panels

[Peseome mamaterial [ FINAL [si  gof11

OV-103-04, WLE Loose Carrier Panel 16R (1985)

Carrier Panels

0V-104-21, WLE Carrier Panel 7L Slumped Tile (May 00)
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Carrier Panels

» Documentation:
— Briefing by A. Mirdamadi, “TPS Carrier Panel Fasteners Monitoring
Plan”, 30 March 1999
— Meeting minutes by H. Ashkar, “8-27-98 Palmdale Visit Minutes”, 27
August 1998
— Briefing by S. Cavanaugh, “OV-102 Wing Leading Edge Carrier
Panel”, January 1998

.

Carrier Panels
Category: Other Significant Finding

Findings:
— Carrier panels have a history of having lcose fasteners
— Recommended monitoring plan appears to be inadequate (if it was
even implemented)
Recommendations:

— Revisit carrier panel loose fastener issue and revised planned

maintenance actions
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Aging Infrastructure
Facilities/Equipment

Action / Issue: Assess aging infrastructure, to include planning/
programming of sustainment/replacement actions
Background / Facts:
— Much of NASA infrastructure (facilities/equipment), was built in the
Apollo era ('60s); design life was 10 years
* Rehabilitated/modified numerous times to remain “launch ready”
— KSC further challenged by accelerated corrosion due to proximity to
ocean; acidic SRM exhaust compounds pad-vicinity problems
— Primary focus on infrastructure deemed critical to immediate mission;
many other systems have received only basic attention (at best) and
are well past their projected service life
— Major budget cuts from 1994 led to NASA strategy to absorb most
reductions from infrastructure
— Facility maintenance strategy WRT SSP abruptly changed from “life
support until imminent retirement” (1990s) to “sustain until 2020"

[ torzz u
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Aging Infrastructure
Facilities/Equipment

Findings:
~ Example 1: Launch Pads - Zinc Fallout Issue
* Reinforced carbon-carbon (RCC) pinholes initially ID'd in 1992

— Subsequently found on all orbiters

— Affects service life of RCC panels
Rain sampling (1994) linked pinholes to zinc oxide contamination;
exposed incrganic zinc primer on launch pad washing onto RCC
Despite improved corrosion control management and execution
since initial discovery, recent rain sampling (July 2003) confirmed
problem still exists, though zinc levels were lower in all but one
sample
lllustrates the direct impact infrastructure maintenance can have,
not just on immediate shuttle operations, but also on service life

[Preeeer w3 Maintenance [ O™ FINAL

Aging Infrastructure
Facilities/Equipment

Findings (cont'd):
- USAin its 3rd yr using a web-based corrosion info/tracking system
(“CorrPro/Basecoat"); adopted from offshore oil industry

+ “Light years” ahead of former paper system.. file cabinets w/folders &
paper reports...time consuming to prepare, review, & update

+ Using CorrPro, engineers annually assess infrastructure, using digital
photo documentation; work prioritized based on corrosion severity

+ CorrPro also enables forecasting time/labor/matls for corrective actions

+ Valuable tool in prioritizing ramts w/add’l “drill downs” (e.g., for launch
pads, rqmts categorized by level and further by component); helpful in
sizing budget and scheduling work in increments if necessary

— Ground Systems Working Team (GSWT) assesses/prioritizes
infrastructure requirements

+ Considers risks associated with likelihood of failure and consequences

+ Factors in cost savings/avoidance

+ Uses Ground Systems Survivability Assessment (GSSA) database

[Fresemer 3 Maintenance [5%  FiNaL

Aging Infrastructure
Facilities/[Equipment

Findings:
— Example 1: Launch Pads

Extensive structural corrosion due to SRM propellant/proximity to ocean
Older designs trap corrosive elements despite post-launch washdown
Delaminating walls in RSS Payload Changeout Room (temp fixed)
Concrete deterioration problems at pad base & blast deflector area
Railroad boxcars (83 between LC 39A & B) serve as offices/work centers

- Severely deleriorated, some with evidence of leaking ceilings
Efforts to reverse this deterioration evident in some areas

— Pad wiring upgrades in Pad Terminal Control Room reflect

continuous attention to sustainment; critical to launches

- Later structural additions reflect designs less prone to trap corrosives
— Boxcar replacement facilities funded, move-in this year (FY 03)

Presevier 13/ Maintenance | ®*  FINAL S 2of 22 m
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Aging Infrastructure
Facilities/Equipment

Findings (cont'd):
— Example 2: Crawler/Transporter
Designed/built for the Apollo program (circa 1965); only two in world
Currently have an average of 1,700 miles each
Critical for launches & during hurricane season (to “safe haven” shuttle)
Challenges: age, chsolescence, vanishing vendors, small fleet size,
uniqueness, highly corrosive environment/outdoor storage, etc.
— Despite these challenges, C/Ts are recognized for their critical role
and are well supported (e.g., control room upgrades/laser docking)
— One notable exception: outdoor storage accelerates corrosion and
leads to continual weather disruptions (work stoppage for lightning)
Managers track resources expended (cost of mods/parts/labor) over time
vice per unit of output {e.g., miles driven or operating hours)
— In certain cases, analysis/trending of support costs based on unit of
output can more clearly define cost/benefit tradeoffs
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Aging Infrastructure
Facilities/Equipment

Findings (cont'd):
— “The hardest part of our job is getting the funding, the resources, and
the operations schedule window to line up”...senior NASA/USA mgrs
+ Effective scheduling of preventive/corrective maintenance of ground
support systems essential to maximizing windows of opportunity
+ USA’'s Ground Systems Support (GSS) established a master planner
position in late CY 02
— Similar position established for horizontal operations in early CY03
— These two new planners routinely interface w/a vertical operations
master planner to better align/deconflict activities
+ Overtime hours and work time deviations/violations have been
decreasing with this new focus
— Another expectation: more infrastructure support will be
accomplished based on lining up "windows™ more efficiently
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Aging Infrastructure
Facilities/[Equipment

+» Findings (cont’d):
— MSFC/Michoud Assembly Facility (GOCO-govt owned contractor
operated}
= Some facilities date to 1940s; add-ons for Apello (60s) and SSP (70s)

« Advantages (over KSC): smaller operation, more single-mission focused,
fewer “balls to juggle”, much less corrosive environment

+ Kudo: 15-yr Strategic Plan prioritizes rqmts in “big picture” context
~ Developed in 97; ongoing updates; disciplined, systematic approach
— Also have a comprehensive 15-yr Equipment Strategic Plan
+ Successes
— CoF funding increased by 371% (97 vs 03), $7.9M to $37.2M
— Repair of 43-acre roof on Main Mfg Bldg in 2nd/final yr of funding
— 1940s-vintage 480V electrical system upgraded — 4 1-yr segments

+ Despite being challenged by old infrastructure, MAF's approach has
typically secured needed funding
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Aging Infrastructure
Facilities/[Equipment

= Findings {cont'd):
— The NASA “big picture”
+ >2,600 bldgs, >2,600 other major structures, avg age nearing 40 yrs
« $21.9B Current Replacement Value (CRV); avg NASA CRV 40% > DoD
— Reflects unique nature/small # of facilities (e.g., VAB, launch pads)
+ NASA-wide infrastructure assessment conducted in FY 02

— Backlog of Maintenance and Repair {(BMAR) not consistent/
auditable, subject to “spin”, difficult to roll up

— New uniform “yardstick” via Deferred Maintenance {DM)

- >$2B DM NASA-wide
— 100%>BMAR estimate, which did not consider all facilities
— 10% of NASA CRYV; industry rule of thumb: 2-4% annual funding
— NASA playing catch up based on years of underfunding
— Uniqueness/small #s of facilities also drive a "must fix" approach
— Code JX working to apply DM database to planning/programming
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Aging Infrastructure
_ Facilities/Equipment

* Findings (cont'd):
—~ NASA “big picture” continued
+ Code JX has adopted DoD's Facility Sustainment Model (FSM)
-~ Refining model for NASA use
+ FSM requires $333M annual facility maintenance funding to arrest
deterioration
- FY 02 §224M (67% of actual)
~ FY 05 §273M (82% of planned)
+ Facility Revitalization Rate (FRR) measures how often a facility will be
replacedirevitalized based on investment funding
- 08D FRR targetis 67 yrs; Industry standard is 55 yrs; current NASA FRR >100 yrs
{down from 200+ yrs)
— Estimated cost for NASA to reach 67 yrs: $302Miyr
-~ Improvement also possible by reducing infrastructure
« GAO (1996): NASA problems idenlifying, assessing, implementing
infrastructure cost reduction opportunities
~ NASA addressing this via DM/FCI assessments & tools such as FSMIFRR

[Preerest WaMaintenance | B FINAL T mzz_m

Aging Infrastructure
Facilities/Equipment

+ Findings (cont'd):
- Stennis Space Center (SSC)
« Built as part of Apollo ramp-up (mid-60s)
+ Primary mission: liguid fueled rocket engine testing
— Every shuttle engine tested after mod/overhaul
» Three test stands — ‘national assets” — A1, A2, B1/2
- Only A1 capable of testing gimbaling
— A1 to be mothballed in FY 03 (infrastructure reduction)
— Remaining test stands deemed adequate
— Known rgmts do not include gimbal testing
— Palmdale facilities (aka Plant 42) leased from AF
+ Facilities/equipment generally in good condition due to environment
+ Degradation (primarily equipment) due primarily to decreased

activity/use
GRS |
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Aging Infrastructure
Facilities/Equipment

+ Findings (cont'd):
- The “big picture” continued
« A second uniform “yardstick”: Facility Condition Index (FCI)
— 5-ptscale: 5is excellent, 1is bad
— Average ratings based on FY 02 NASA-wide assessment:
- NASA: 3.6 -CodeM: 3.5 -JSC: 3.6
-KsC: 3.3 -MSFC: 3.9 -8SC: 31
— KSC rating reflects large number of assets (~60%) dedicated to SSP
— S5C rating skewed by high $ value/condition of test stands relative
to overall center value; stands are 37% of SSC CRV w/FCl of 2.2;
wio stands, SSC is 3.6
— Assessments "peel back” to individual areas: structurefroof/exterior/
interior/electric’/HVAC/plumbing/equipment
— NASA goal: improve average to 4.2 by FY 08; requires $312M/yr

[Pressrsr wamaintenance o FINAL
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Aging Infrastructure
Facilities/Equipment

+ Findings (cont'd):
— NASA road ahead
+ Identify/dispose of excess infrastructure
+ Make better use of under-utilized facilities through consolidations
+ Sustain remaining infrastructure by:
— Reducing backlog of maintenance and repair
— Bringing revitalization rate down from 100+ yrs
— Advocating for “repair by replacement” where smart
— Successfully advocating/securing funding to support all of abave
» Conclusions / Recommendations:
— Strategic level assessment/planning by Code JX on the right track
+ Provides a structured approach to assess and prioritize requirements
» Based on recognition that past assessments have not presented an
accurate picture nor a NASA-wide requirements prioritization
- 15-yr Strategic Plans at MAF are worthy of benchmarking across NASA
— Allow a long range view (beyond 5-yr POP) for proper prioritization of both

facilities and equipment
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Aging Infrastructure Aging Infrastructure
Facilities/Equipment Managing Using CorrPro Software

* Recommendations:

— KSC should continue its initiatives for improved scheduling integration; the
recent add'n of master planners for horizontal ops & GSS to interface
wivertical ops is a great move in this direction

— KSC GSS managers should consider tracking support costs relative to unit
of output (vice over time) in selected areas; this can assistin tradeoff
decisions on funding mods/upgrades vs replacement

+ Given the amount of aging infrastructure/equipment, this can be a valuable
decision tool

— KSC should continue efforts to improve management/prioritization of
workload and costs thru systems such as CorrPro/BaseCoat

+ Explore application to non-corrosion related infrastructure

— KSC should perform cost/benefit tradeoff analysis of constructing add’l

shelters for equipment (not limited to CTs)
= This will reduce weather deteriorati ilting ce and weather-
induced work stoppages

~ KSC should examine current launch pad maintenance practices and make
every effort to further reduce/eliminate zinc fallout

— Other centers should benchmark MAF's 15-year infrastructure and .
equipment strategic plans; a “long view” of these critical issues is essential

Manages all corrosion data for status tracking and

s

e
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Aging Infrastructure Aging Infrastructure
Severe Corrosion - Pad 39A Corrosion/Boxcars at Pad 39A

|~ ooz g

Aging Infrastructure Aging Equipment
VAB Deterioration CI/T and MLP

*Roof
+Siding

«Doors Mobile Launch Platform
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Aging Infrastructure
CRV/BMAR/DM/FCI by Enterprise/Center

COLUMBIA
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Maintenance
Engineering Orders

Action/lssue: Backlog of unincorporated Engineering Orders (UEQ) is
significant and may impact the quality and timeliness of maintenance
Background:

— Last 5 ASAP reports document a large and growing number of
UEOs (over 1600 with > 10 changes ea; now 1400 with removed
from schedule)

— NNBE referenced using Navy's zero level as a baseline

Facts:
— Observed examples of UEOs in shop and OPF
+ Observed the impact and difficulties of navigating EO with multiple
unincorporated changes and potential for human error
+ NASA built a noteworthy plan to incorporate the most important
changes to drawings for orbiter on basis of highest use and complexity
(2002-2004)
Recommendations:
— Draft a plan to finish incorporating the >10 UEOs
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Maintenance
Engineering Orders

Aerospace Safety Advisory Panel, 2002... report excerpt:

“Previously, the Panel has been concerned with the large number of orbiter
drawings that are out of date. Many EQ changes have not been incorporated
into the drawings. Although they are noted on the drawings,engineers must
refer to additional paperwork to understand the state of the hardware
systems. Over 1,600 drawings have more than 10 unincorporated EOs. The
orbiter program will update and incorporate all EOs on 59 of the most
frequently used drawings by the end of 2003. Also during the year,an effort to
address the 589 drawings referenced most frequently after those 59 will
begin. The remaining drawings will be updated as opportunity permits. Orbiter
program management has committed to maintaining the upgraded drawings
at no more than 10 unincorporated EOs. The orbiter program is now reviewing
the possibility of identifying the safety-critical drawings that should always be
kept current.

Recommendation 02-8:

Identify drawings that are critical to flight safety, update them to include all
EOs, and keep them current.”
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Maintenance
Engineering Orders

Drawings with unincorporated EOs
past the 10 or 30 EO limits
(Excluding OV 102)

Gty of Drawinge with
EOs past the 10
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Unincorporated EC 1angs lor the drawings

o R W FEN I |

Maintenance
Engineering Orders
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Willful D .
IAH Afi?sage Hardware Security

* Action/lssue: Potential for willful damage = Background/Facts:

+ Background/Facts: — Panel and door close-outs

— Multiple technicians

— Multiple contract quality inspectors
— Multiple government inspectors

Day-of-Launch
Assets included:
« Fighters

« Heli

= Sea surveillance
« Ground security
+ Sensors

“Tightest security

ever ...
briefed to NSC”
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“Willful damage” scenarios

+ Background/Facts:
+ Examining via testing (outside agencies involved)
+ HOWEVER ... fo be credible, each must still pass “tests”
Telemetry (digital, voice)
Imagery (still, video, telescopic)
Themodynamics
Aerodynamics
Debris shedding, ground evidence
Documentation
And -- grounded in shuttle systems facts
+ Findings:

+ Thus far, none meets the tests to be credible
» FBltesting and chemical/metallurgical evidence do not support willful
damage

* Recommendations:
= Continue high level of diligence to prevent willful damage
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Maintenance
Bolt Catcher

= Action /Issue: Did a malfunction of the SRB forward Bolt Catcher
contribute to the accident chain of events?
* Background / Facts:
— Function: Catch fired separation bolts attaching SRBs to ET
+ Upper catcher attached to ET, lower attached to SRB, different design

* Good example of SIAT (99) documented concern with “fly what you
test, test what you fly”

— SUMMA and Harris manufacture, subKtr, USA serial #

+ Pulled from supply to install on ET, coated with {SLA) ablative which
requires # removal— MAF assigns new serial #

+ Serial # discrepancy between USA and MAF serial #s on STS —-107

Presemer 3 Maintenance | ™™ FINAL D _

Maintenance
Bolt Catcher

Findings:
— Dynamic test #2 measured 46KIPs in Summa serial #50 dome
— Stress test #3 of catcher failed at weld at 44KIPs...engineering
analysis expected bolt failure at 68,0001b
= Same failure point as 1979 certification test
« Implies 0.956 safety margin
= Additional tests requested
— X-Ray film of #50 showed poor quality film and strong evidence of
substandard welding...would not have been certified today
— 8§T8-107, Summa catcher #1 installed on left SRB/ET
= X-Ray film failed in quality as well as substandard weld

Presan 3 Maintenance | % FINAL s gorg _

Maintenance
Bolt Catcher

ET-93 Mated with SRBs

EB-1 Interface Shown (EB-2 Similar)
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Maintenance
Bolt Catcher

+ Background/Facts:
— Bolt Catcher never qualified as flown...79/80 tests
+ Attachment to ET qualified with through-bolts (vice inserts)
+ SLA 561 not applied on test articles
+ Reduced resistance aluminum honeycomb not tested
— System changes certified by “analysis and similarity”
— In-flight photograph of STS 107 Bolt Catcher black and unusable
— Radar images at 126 seconds point originally considered normal
« Findings:
— Tests run 27 May - 8 July of representative articles to
evaluate/determine as-flown environment and safety margin
— Test profiles designed to verify engineering profile of system
performance as certified including as-flown configuration

+ 18 tests completed ...4 bolts fired into instrumented catcher seven
stress tests of catcher to failure
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Maintenance
Bolt Catcher

+ Findings
= STS-107 launch radar data comparison with bolt catcher
radar cross section (RCS) complete
— Event #33 at 128 second similar in size to bolt catcher RCS
— Lack of photographic evidence means event #33 cannot be ruled
out as a possible bolt catcher or fragment.
+ Group Recommendations
— Certification by “analysis and similarity” flawed...how
many other bolt catchers on SSP?
— Remove all Bolt Catchers from service
— Redesign system to assure 1.4 safety margin at a

minimum
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Bolt Catcher
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Maintenance
Bolt Catcher (in-Flight Observations)

Mission
STS-113

STS:090._ . Visibla. ... 5 e ORI
___STS-N88 ___ Dark Fxposure __ Dark Exposiia_

FOV = Field of View  “Visible" indicates that the bolt catcher was

Test Pic’s

identifiable in its installed position in post-SRB separation photographs.
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Velocity Variation in X direction for
Bolts+Bolt Catcher Debris

Flowheld Congi sRES ==

SRB's Separation Condition Anshata/ (15107 EET),
BSM's at 100% Thrust Alttuda = 136,400 1. / (155,000 1)
Bolt+Bolt-Catcher (Mass = 41.1 Ibs) Mach =3.04 / (4)

Alpha = O degrees / (3.57 degrees)
Beta = 0 degrees | (-0.02 degrees)
Gbar = 52 pst ! (26 psf)

General Direction of |
Gravity Veetor

Vxin fisec E 10
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Maintenance
Separation Bolt Certification

Action / Issue: Separation bolts manufactured by Pacific-Scientific were
not adequately NDI'd before flight on STS 107
Background / Facts:
— USA replaced Hi-Shear as the prime contractor for separation bolts in
May 2000. Certification of new bolts may have been done without
adequate NDI (magnetic particle) of the internal bore

Findings:
— P-S used Pacific Magnetic and Penetrant for NDI verification
— PS/PMP used same NDI specifications as Hi-Shear
— First lot (Lot AAN) used on STS 107 and installed on STS 114
* All NDI results were approved and certified by PS, USA, and DCMA
— 2n ot (AAP) magnetic particle inspection eval'ed by DCMA NDI expert
*+ Determined process inadequate WRT analysis of Magnetic Part. Insp.
* ASTM E 1444-01, par. 5.7.3 stipulates use of a borescope

T MIMaintenance | FINAL = o [

Maintenance
Separation Bolt Certification

+ Findings {con't):
— USA had verbally authorized PMP to deviate from the purchase
order specification since borescope was not available
— USA and DCMA NDI experts disagree over test sufficiency
— USA built a Defect Standard Bolt with known flaws to evaluate
process
* “Initial assessment of PMP's inspection procedure by USA NDE
confirms procedure meets engineering requirement imposed but could
be improved"...USA briefing to CAIB
— USA impounded existing supply of 1% lot: dedicated to test only
— This situation is not a contributor to the STS-107 mishap
* Recommendations:
— Use more stringent inspection criteria IAW ASTM E 1444, par.
5.7.3, Restricted Area Examination with borescope or new method
that can adequately identify laws in the ID
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Separation Bolt Certification
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Ascent Debris Strike
Other

Action /Issue: 57-inch tear in the flex boot on the right RSRM
adjacent to the inner boot ring—first time observation

Background / Facts:
— Flex boot is key to allowing reuse of the RSRM
— Separation did not result in violation of flex boot thermal protection—
not sure of the cause—might have been water impact
Findings:
— None at this time
Group Recommendations:
— Issue closed per RSRM Fault Tree closeout on 9 Apr 03
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Ascent Impact Analysis
(includes Crater)

+ Action /lIssue:
— The impact damage analysis process did not accurately predict the
damage sustained by OV-102 during the ascent of STS-107

+ Background / Facts (Impact Analysis Process):
— Crater is a tool used in impact analysis
- “Impact Analysis” includes Crater, thermal, & stress analyses
+ For §TS-107, the impact analysis was performed using the image
analysis team’s assessment of debris size and location
+ Crater program predicted severe damage to several tiles
+ Thermal and stress analyses predicted localized heating but safe return
of orbiter
- Boeing's Debris Assessment Team recently experienced a transition
from Huntington Beach to Houston

Presemer 3 Material | P FINAL s 1m17d

Ascent Impact Analysis
(includes Crater)

« Findings (Impact Analysis Process):

— Basic types of analyses performed at Boeing-Huntington Beach {pre-
transition) and Boeing-Houston (for STS-107) appear to have been
the same

— Boeing-HB and Boeing Houston differ in their assessment of the
effectiveness of the training program

* One key engineering analyst, as reported by HB had only several hours
of training on Crater but not by the HB personnel

= Boeing-Houston team believes training quality & quantity sufficient

— Boeing Houston team states QJT occurred in Houston, independent
of HB training o understand:

» Supporting documentation
» Crater equation development
» V* threshold development

— Sensitivity studies reported to have been conducted prior to STS-
107 final analysis release
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Ascent Impact Analysis
(includes Craterz

= Findings (Impact Analysis Process):

— Photo analysis during the mission identified the most probable

location of foam impact on wing acreage tile, not RCC
*+ Also indicated no debris over top of wing — impact below WLE apex
— The Orbiter RCC design requirements did not include debris
impact tolerance
¢+ Some impact testing was performed, but was limited to small projectiles that
resulted in localized “cratering” or penetration
— Mostly ice tests, no foam lests
+ No impacts of the size and mass that occurred on STS-107 were previously
predicted, analyzed, or tested.

— The toals and models available to the analysis team during the
flight did not account for the bending failure mode that is currently
believed to be the failure cause on STS-107.

« Data from preliminary detailed analyses and initial fiberglass impact
test support this failure mode
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Ascent Impact Analysis
Includes Craten)

+ Background / Facts (Crater):
- Crater is a semi-empirical/semi-theoretical set of equations that
results in a tile damage prediction for LI-900 tiles
+ Crater is only model used by NASA to predict impact damage to tiles
+ Crater is conservative and predicts worst case damage
— Crater originally designed for “in family” (small < 3in?) hits
+ Crater is appropriately named; accounts for only for cratering (no other
damage mechanisms considered)
« Never intended to be used for large projectiles (STS-107 analysis)
— Extrapolation to higher energy debris never validated through testing
« Crater predicted severe damage to several tiles for STS-107
- Crater's capabilities are limited by test data used to verify the model

— Most probable cause of Columbia accident has been identified as
impact damage to RCC panals
+ Revised photo analysis
= Analysis of onboard instrumentation
+ Forensics
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Ascent Impact Analysis
(includes Crater)

« Findings (Impact Analysis Process):

— Impact analysis uses an iterative, multidisciplinary
(transport, impact, Crater, thermal, stress) team-based
process

+ STS-107 analysis appears to have been done in the same
manner however, without enough feedback between analysis
components

— Thermal analysis may have had minor errors due to
communications issues with the Crater analysis hand-off

P 3 Material | O™ FINAL Sie .snfw_

Ascent Impact Analysis

(includes Crater)

+ Findings (Crater):
— Crater's use on STS-107 was far outside it’s verified limits of
applicability
— Crater limitations:
Only for LI-900 tiles
Does not account for special geometry present on some tiles
Valid for ascent impact velocities only
- Hypervelocity impacts not part of this methodology
Valid for a limited set of impactor materials
Impactor shapes limited to cylinder, rectangular block, or sphere

- For rectangular block impactors, predicts damage for “edge” orientation
only

Does not include effects of crossing tile boundaries in large impacts
Need to define more stringent limits to Crater's useage when tile
depth reaches a defined % of total tile thickness
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Ascent Impact Analysis
(includes Crater)

« Findings (Crater):
— Crater works well within its established limits
* In the experimental space in which Crater was developed (foam
projectiles up to 3 in?), it provides a reasonable solution
— Extrapolating beyond the limits of Crater may be performed with:
+ Interpretation based on experience
+ An understanding that the accuracy of predictions will be reduced
— Crater does not capture “non-cratering” effects on tile or
substructural response
— Crater is not a “turn-key” code
+ Effective use of Crater assumes users have knowledge of model's
development and experience in interpreting results
— Crater has been underutilized in developing acceptable debrisfice
criteria for “In Family” hits

|
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Ascent Impact Analysis
(includes Crater)

» Recommendations (Impact Analysis Process):

— Boeing should not view the process for knowledge capture as

“complete,” despite the completion of the transition period
+ They should build on previous efforts to develop a systematic and

comprehensive training process to ensure ongoing proficiency in
critical tasks
Boeing/NASA should conduct an in-depth training curriculum for
Boeing-Houston to assure proper understanding and interpretation of
impact damage analysis models and procedures
Free & open communication between Boeing-Houston and Boeing-HB
should be encouraged and financially supported until it is agreed that
a full and proper transition is complete
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Ascent Impact Analysis
(includes Crater)

. R Aati
R

(Impact Analysis Process):

— Boeing should facilitate team building within their Houston-based
Debris Assessment Team to achieve a greater degree of cohesion
and more effective (i.e., “closed-loop”) communication flows.

- This could be accomplished through close monitoring by SSMs,
holding regular staff meetings, group training sessions, and routine
feedback sessions.

+ The desired outcomes of such efforts would be improved overall
decision-making practices and calculation usage methodalogy. Upon
completing the review, action plans should be developed to remediate
those not meeting set job criteria.

— When a decision is to be made by upper management, the
engineering solutions given to management should include a
quantifiable uncertainty analysis and risk analysis.

[Prossnie " paiMaterial [P FINAL

[ o7 SRR

Ascent Impact Analysis
(includes Crater)

Findings (Crater):
— For STS-107, the Crater model predicted severe damage to
several tiles
— Crater resulls were interpreted using potentially un-conservative
assumptions based upon inherent conservatism of model
= Extent of tile damage assumed to stop at tile's densified layer
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Ascent Impact Analysis
({includes Crater)

Recommendations (Impact Analysis Process):

— Boeing, under NASA supervisicn, should review training matrices
for transitioned personnel to verify individuals meet established
requirements

« Upon completing the review, action plans should be developed to
remediate those not meeting set job criteria.
- Boeing should risk manage the remediation process, not enly on
a groupftechnology area level, but also on an individual employee
level.

» Particular attention should be given to new hires with low
shuttle experience and areas with several inexperienced
personnel.

— Boeing should employ HB incumbents to remediate
new/transitioned personnel failing to meet established job criteria

» Affected employee’s time should be dedicated to the
programmed remediation

[Fresenim pamMaterial [P FINAL

Ascent Impact Analysis
(includes Crater)

Recommendations (Crater):

— NASA/USA/Boeing should continue to develop a more robust,
physics-based model to analyze impact damage to tile and RCC

» Development should take advantage of expertise from all
available resources

— Boeing should work to develop a user's manual for
thermal and stress analysis associated with impacts

— Boeing should continue to encourage communication
between Houston and Huntington Beach technical
communities in the future
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Ascent Impact Analysis
(includes Crater)

* Documentation

— CAIB Request for Information, “ET Debris Impact Records,” B1-
000013

— CAIB Request for Information, “Background Info on the CRATER
Model.” B1-000063

— CAIB Request for Information, "CRATER Model Technical
Discussions,” B3-000186
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Ascent Impact Analysis
(includes Crater)

Damage Results From Crater Equations Show

Signiticant Tile Damage
@ “Crater” indicates that multiple tiles would be taken down to
densified layer Crater predicts
# However, program was designed to be conservative due to large damage deeper
number of unknowns

han densified
layer in 6 of 9
cases

# Craler reports damage for test conditions that show no damage =57

Do S i choess e ghs o ks

Debris Size = 20" < 107x 6
(Density = 2.4 T}

i m——— 12308 s
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Ascent Impact Analysis
(includes Crater)

Theoretical Basis for Crater
+ Boeing penetration equation developed for Apollo program for meteoroid
analysis was adapted to predict projectile penetration into TPS tiles

N 0.0195(Lfd}"‘45(d)(},p }"”(V _y s
e R

Where, for insulation debris
p = penetration depth
L = projectile length
d = projectile diameter
Pe = projectile density
\ = normal component of impact velocity = Vgsing
V* = threshold normal velocity to penetrate lile coating
e compressive strength
pr = tile density
0.0195 = empirical constant
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Ascent Impact Analysis
(includes Crater)

Orbiter Impact Assessment Overview
Identified

(Trajectory Analysis)
Impact

Location/SpeadiAngle
entified

(Crater Impact Damage Analysis)

Damage to TPS Tiles
Identified

(Thermal Analysis)

Thermal Consequences|
of Damaged TPS
Identified

(Stress Analysis)
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Ascent Impact Analysis
(includes Crater)

Experimental Basis for Crater
* NASA, Boeing, and Texas A&M tests performed 1978-1982

- Target Fixture
L1900 Tile Oriented at
Anple Relative to Impactor

., , D

/4

Foam Impactor B y __l

Lmpactor: SOFI(1.0 - 2.2 Ib/ft* Foam Insulation)
Tile: L1900 HIRSL(9 Ib/R¥)
0 = incidence angle
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Ascent Debris

Action / Issue: Review radar and optics results for evidence of debris
during ascent

Background / Facts:

— STS-107 was tracked during ascent by Eastern Range land-based
C-band radar and metric optics

— Data was examined to identify any previously undetected debris
No radars detected debris prior to SRB separation

~ Only the Cocoa Beach Distant Object Attitude Measurement System
(CB DOAMS) optical telescope observed debris around 81 seconds

= 81.86 sec: single object between Orbiter nose cone and ET 1%
detected, appeared white
+ 81.82 sec: struck under Orbiter's left wing, disintegrates into a

cloud of orange-colored debris
=

I
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Ascent Debris

Background / Facts:
— Debris detected by radar following SRB separation from T+150 to
T+230 seconds

» One radar (radar 0.14) detected 21 items

* Another radar (radar 28.14) detected 6 items

* Radar Cross-Section (RCS) ranged from -26 to —15 dBsm

* Radar return signal was not of sufficient strength ta determine
approximate shape, size or rigidity of the debris

+ Radar analysis results are consistent with the debris analyses
from previous STS missions

e I T S anT_

Ascent Debris
Radar 0.14 Results
cataLOG #| PIECE | FIRST ‘ LasT l:::'n(;s o FANGE
L ™ | RATE (ws;
[6) = LY S 1] 3 .__.1_‘L_L
B T 1525 W > =
3 2 1528 1828 | 24 326
[ 3 153 160 o
foun® [] 166 170 ]
2 § | mes | 308
ol d [] 184 170 12
{ Pt il L T 37
LA 167 1845 ) {
__ Mo 9 170 1us'__' 265 !
- 10 _14s 180 90
L " 80 o
- o B R 244
13 1755 T e 0
1 m_ 180 ET) 706
k. 15 184 190 -20 ) 236
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Ascent Debris
Radar 28.14 Results
T RANGE
PIECE FIRST LAST MAX RCS |
CATALOG # | i ;MBER| APPEARANCE| APPEARANCE | (dBsm) ;’S:gﬁ’h"l"
= 2 152 1585 S
4 - 1545 162 47 . 4
= Sore | . 18T 1765 2 |
28 M 9 1875 957 ees
27 16 201 207 G .
28 170r 18 205 208.5 B -

¥ The RCS and range separaiion rate of hese pieces cannol be delenmined Gus 1o
the low level of signal retums, RCS is estimated to ba within 0 1o 3 dB of the
Minimum Detectable RCS.
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Ascent Debris
Radar 0.14 Results (Continued)

T
PIECE |  FIRST LAST RANGE

CATALOG # | \MBER| APPEARANCE | APPEARANCE '::xm*&‘ m@g‘:ﬁ

17 [ 187 1925 20 849

18 17 2045 210 - -

13 18 2045 214 26 326

20 18 2045 22| 2 186
|2 20 206 212 2 228

2 21 2115 228 22 219

* The RCS and mmaepmrmd&mmmmdmmmﬂmu

the low leve! of signal returns. RCS is estimated to be within 0 to 3 dB of the
Minimum Detectable RCS.
** These events have been determined to be due to plume effects.
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Ascent Debris

Findings:
— Radar detected debris after T=150 seconds
+ Debris could not be identified
+ Radar returns similar to past STS missions
— CB DOAMS observed debris between orbiter and ET at 81.66
seconds
Recommendations:

— Issue should be closed
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RerPoORT VoLumE V OcTtoBer 2003

235



COLUMBIA

ACCIDENT INVESTIGATION BOARD

Ascent Debris

« Documentation:

— CSR Technical Report, “Debris Analysis Report for Operation
F1120, Shuttle STS-107, 16 January 2003", 14 February 2003

AT o B TTE | |
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Maintenance
Hold Down Cable Anomaly

Action | Issue: Could orbiter MECs/cabling failure to the hold down
post (HDP) pyrotechnics and ET vent arm system (ETVAS) be
catastrophic?

Background / Facts:
— PIA #3007 stated that STS 112 had a failure in the system that
controls firing of the initiators in each SRB restraint nut
- Redundancy in each Master Events Controller (MEC)
+ MEC#1 feeds A system, MEC#2 feeds B system
- Each nut has twao initiators, one on A system, one on B
- Signal sent by MECs to nut to fire and ETVAS to retract
~ Either MEC will operate system in event of failure in the other
— During 8TS-112 the Ground Launch Sequencer (GLS) issued “Cut
Off" at T+ 3 Seconds
* Post launch review indicated that system A HDP and ETVAS
Pyrotechnic Initiator Controllers (PICs) did not discharge
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Maintenance
Hold Down Cable Anomaly

Findings:
— Extensive analysis and study was initiated immediately

Approx. 25 different potential fault chains were considered as
source of A system failure

1

Definite cause never determined, considered intermittent

— Most probable cause: the fire 1 command wasn't transmitted
properly from MEC 1 to PIC Rack 6743 in the MLP

Focus of command path anomaly is on T-0 electrical interface

+ Not cleared during investigation since normal function (T-0
separation) destroyed evidence

Inspection has detected wear and contamination at interface

sl 3 Maintenance. | ©® FINAL il 3uf7-

Maintenance
Hold Down Cable Anomaly
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Maintenance
Hold Down Cable Anomaly

+ Findings:
— Pyro systems A and B are independent and redundant
— The HDP and ETVAS systems receive Fire commands at T-0
* Fire 1 and Fire 2 commands are sent as a nearly simultaneous event
— Each redundant pyro device is initiated by a dedicated PIC
* 16 separate PICs for *A” and “B” HDP devices and four separate PICs
for "A" and "B” ETVAS devices
— The PIC design recluires 3 separate commands to detonate its
NASA Standard Initiator (NSI
+ ARM—Activates the PIC's power supply and charges capacitor bank

+ Fire1l—Activates a switching transistor controlling the PIC output return
and enables the Fire2

* Fire2—Activates a switching transistor controlling the PIC output

— ETVAS %\rrro Fire commands are branched from the HDP Fire
commands

— HDP "A” PIC and ETVAS “A” PIC failed to discharge
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Maintenance
Hold Down Cable Anomaly

* Findings:
~ STS-112 investigation recommendations implemented:
* All T-0 Ground Cables have been replaced after every flight
+ T-0 interface to PIC rack cable in redesign, ETIC July 03
— Old T-0 Ground cable and this Kapton
* All Orbiter T-0 Connector Savers have been replaced
— Pyro connectors prescreened with pin retention test
« Connector saver mate will be verified using Videoscope
+ Recommendations:
— Inquiry released for failure potential on this CRIT IR system
— Specifically, what is chance of a concurrent failure of a MEC/cable
and one or more initiators? What would result? Can NASA
redesign system to add cable from each system to every initiator
so a signal system failure would not disable half of the initiators?
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Maintenance
Hold Down Cable Anomaly
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Maintenance
Hold Down Cable Anomaly

A) Carrier Plate B) Buikhead Plate
at TSM (T-0 Umbilical)

c) Terminal
Distributor

Cables

through

Bulkheads

240 foot
Cables

e B
E) Hold Down Post D) PIC Rack
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FD2 — On-Orbit Object

= Action/Issue: Determine on-orbit object detected by ground radar
during post-flight data review
+ Background / Facts:

— While on orbit, 3,180 separate radar or optical observations of
Columbia were collected

Collection sites includes: Eglin AFB, Beale AFB, Navy Space
Surveillance, Cape Cod, Maui, and Kirtland AFB

— Each observation was individually examined after the accident
1t Space Control Squadron and AFSPC Space Analysis Center
personnel conducted detailed analysis

— Post-flight processing discovered a small object in shuttle orbit
= Object referred to by International Designator 2003-003B

TN T M |

FD2 — On-Orbit Object
200 -
7 Shuttle Orbit
0
200 4 - i it S |
g o 2003-003B
L
]
e B \
3 * caEcoe
a A EGLN \
1o e e \3
12m
Track grouping shows CONUS overflights
e s A B

GMT [DAY-HH:MM:SS)

P N3 Material | O FINAL s aurzsm

FD2 - On-Orbit Object

_ Cape Cod track on Jan 18, 2029Z
Tumble Period: ~7 secs

: ]

Cape Cod track on. .Ian 11’ 13572
Slow or nc‘i‘t%mble

¥

i1¥

i

+ 2003-003B started to rapidly
tumble between Jan 17 and 18,
rate increased on Jan 19 %- H

FD2 — On-Orbit Object

+ Event Timeline:
— Jan 17, 1442Z: Shuttle reoriented
+ Moved from tail-first to right wing-first orientation
— Jan 17, 15172Z: Shuttle recriented
+ Returned to tail-first orientation
— Jan 17, 1500-1615Z: Object 2003-003B separates
— Jan 17, 1857Z: First confirmed sensor track
— Jan 19, 2146Z: Last confirmed sensor track

— Jan 20, 0145-0445Z: Object 2003-003B decays

e s 3 of 25 [

FD2 - On-Orbit Object

+ Background / Facts:

— On-orbit object 2003-003B detected by Cape Cod PAVE PAWS radar
during passes on 3 days before de-orbiting
» Day 1 Track: -18to-4 dBsm
+ Day 2 Track: -15to -2 dBsm
» Day 3 Track: -13to-1.75 dBsm
— Object tumble rate increased with time

— RCS varies from ~0.1 to ~0.7 m?
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FD2 - On-Orbit Object

« Background / Facts :
— Radar Cross-Section (RCS) combined with ballistics results used to
determine potential FD2 object
+ Potential candidate orbiter parts must match both RCS and
ballistics as a minimum
— AFRL conducted RCS measurements of 26 orbiter parts to compare
to on-orbit signature and 4 RCC pieces from STS-107 RH debris
— US Space Command determined ballistics coefficient of on-orbit
object and all parts measured for RCS signature
+ Ballistics coefficient = (Drag Coefficient * Area) / Mass
+ Area/Mass ratio for on-orbit object determined to be 0.1 meters? /
kg
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FD2 - On-Orbit Object

Background / Facts:
— Obtained RCS measurements for the following RH parts from OV-102
debris:
+ Part 51311, 8" x 13" RCC fragment with lip
+ Part 37736, curved RCC fragment with no lip
« Part 2018, 8" x 11" RCC flat acreage

« Part 51313, T-seal fragment at panel 8/9
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FD2 - On-Orbit Object

A i
RCC T-Seal Measured for RCS Signature
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FD2 - On-Orbit Object

= Background / Facts:
— Parts that matched both RCS signature and ballistics:
« RCC panel acreage piece if approximately 100 to 150 inch?
— Parls rejected due to RCS signature, ballistics or both include:
+ 14 blanket-type insulators or cloth-like material
= 5 lower carrier panels with and without horsecollars
» 4 RSl tiles
« 1 RCC panel with all metallic hardware
« 1 upper carrier panel

Presener i3 haterial | P FINAL

FD2 - On-Orbit Object

1

RCS (dBsm)

(

|

o0 0 -G 0 00 M & 40 W 0 W & W

Azimuth (Deg) !
RCC T-Seal RCS Results
Presensst i3 /M aterial Daie  FINAL Bl 40 of 25

FD2 — On-Orbit Object

WLE Spanner Beam Insulatdr Measured for RCS Signature
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FD2 — On-Orbit Object

Measured HH e

-~ Measured VV

Derived CP A——
Fosip ey

0 M 100 00 e w8 G5 O W 40 0 8 KO UG e e W
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WLE Spanner Beam Insulator RCS Results
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FD2 - On-Orbit Object

Spanner
Beam

Insulators

WLE Spanner Beam Insulator Measured for RCS Signature
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FD2 - On-Orbit Object

60 00 A% 20 MO B0 40 A N 0 W N M B0 100 w0t es e
s (dng)

RCC Fragment 37736 Measured for RCS Signature

| T | I |

FD2 - On-Orbit Object

180 0 440 40 G0 $0 B0 40 20 U WM W W0 % WO 10 WO we 1

A ruth foag)
RCC Fragment 51313 Measured for RCS Signature
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FD2 - On-Orbit Object

RCC Fragment 51311 Measured for RCS Signature
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FD2 — On-Orbit Object

ig

1.95kg

B0 B0 4D 0 100 B0 40 40 30 0 3 41 B0 B0 M0 40 MO 80 180
Acizush ideg)

RCC Fragment 2018 Measured for RCS Signature
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FD2 - On-Orbit Object

If any part of the upper left
side 8/9 or 9/10 T-seal is
recovered from STS-107
and the piece falls within

the middle of the T-seal or
flange (as shown in red),
the upper T-seal could
then be eliminated from an

RCS perspective
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VHF RCS Data From Altair Radar

FD2 — On-Orbit Object

Background / Facts:

— A “Corrected” fragment of VHF RCS data was observed from FD2

object on-orbit from the Altair radar

+ Fidelity of this data set estimated by MIT Lincoln Laboratory to be

+/- 3 dB.

— AFRL tested VV/HH co-polarized RCS of 4 RCC debris components
(T-seals and panel acreage) at VHF (158 MHz) with the following

results:

= Cannot eliminate the T-Seal, sither whole or fragment
« Cannot eliminate or exclude RCC panel acreage, especially if the
piece has an edge or corner that produces a resonance effect

[Presemis ~ pizmaterial [P FINAL
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MIT Lincoln Lab Results

FD2 — On-Orbit Object

Flat Spin Example
(Propeller Blade Concept)

tiles on the back

Exponential atmosphere

(remains constant)

Fouo

Closure panel 15in x 5in x 2in
3M16in aluminum plate with 2in

Free-molecular flow regime

May be just anough restoring
moment to keep face forward

Twist provides rolling moment

Ballistic coefficient ~10 kg/m?

Small twist +/-1deg produces
~2.6s spin period after 2 days

T Lincoln Labaratory ==

Presenser papaterial | P FINAL

MIT Lincoln Lab Results for ¥z T-Seal

FD2 - On-Orbit Object

Static Pattern: Half T-seal 9 HH
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FD2 — On-Orbit Object
MIT Lincoln Lab Results

m

Summary

Paucity of RCS data efiminates possibillly of drectly measuring
fragment s e shape

- Effort leadto f le new RCS
data on fragment
- ALTAR UHFIVHF
~ Eglin UHF
- NAVSPASUR  Bi-stallcVHF

New RCS data provides new insight into fragment
- Motion dynamics
- Bulksie
* CI)rbdt analysis agrees with AFSP C estimate of fragment departure
time

Gredible “flat-spin"motion model de veloped for fragment

- Fits rader measured body motion across all 3 days
Qualitative match made between time history of radar RCS
measuraments and RCS simulated for spinning % T-seal

- Full Tsealmatch notnearly = good

~ Cross pole data does not s how expected deap nulls

T Lincoln Laboratory "—

T

ottt Fouo
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FD2 — On-Orbit Object
MIT Lincoln Lab Results

Spin Up Motion Model

I FOUO
@I Shuttle Fragment Frequency Points Computed From RCS Data

Propalia Sph Up Mods!

s
0 ~ Afpte i e, romt 1ot
B e Evimated tine of separstion ]
- e sttt - Lowar Halfof T seal 9:
A=aT"8'd"CD/(8¢xi)
.- wi
£ S=0.11 surface
3 d=0.75 langh
£ — ith g ko Jucctia-Fibnrs. 1=0.075, mom, of Inera
L S pemn 7 coe2
Fu — -
R, Agreament with data when: i
- for Jacchia-Roberts Consistent
T ~ 0,066 radi; twist i
- 1 TR with T-Seal
for Hamis-Priester 3
. = AT~ 0,07 radians et Design
B ™ - Ao from ot -
U % oS - Frequancy estimates from
Dy 7570 67 15008 B0 [ i demionednn
o RGS peske por
rovslution
T Lincoin Laboratory e
T FOuG
Pressmr ppymaterial P FINAL Blide 22 of 25
+ Findings:

.

— 41 items screened for either ballistics and/or RCS testing by NASA,
AFSPC, and AFRL
+ Only RCC T-Seal/T-Seal Fragment, RCC panel fragment in the
1/3 inch thick regions (lower portion of panel 8 and 9) or a
spanner beam insulator could not be excluded based on RCS
and ballistics results
— Qualitative match made between time history of radar RCS
measurements and RCS simulated for spinning ¥ T-seal by MIT
Lincoln Laboratory
Recommendations:
— Continuously evaluate potential on-orbit object as debris
reconstruction efforts progress
[ 24 orzs [EIGRGY
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FD2 - On-Orbit Object

+ Documentation:
— Briefing by G.H. Stokes from MIT Lincoln Laboratory, “Columbia
Fragment Analysis Study Results”, 23 May 03
— Multiple briefings from Dr. Brian Kent, AFRL/SN

— Briefing from HQ AFSPC/XPY, 18 April 2003

Preserer pimaterial ] FINAL [o~ 250t 2s [Gad)
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Production-Organization
Centralization/Decentralization in SSP

= Action / Issue: Organizational Characteristics, Policies, & Practices
» Background/ Facts:

~ Centralized and formal communications, decision-making, and risk
management to cope with “tight coupling” linked to the numerous events
associated with “normal operations” to provide for immediate responses
{e.g., FRR, COFR, etc.).

Decentralized and more informal communications, decision-making, and
risk managemant to provide for deliberate analysis to handle unplanned
“interactive complexity” of failures by those closest to subsystems (e.g.,
MMT, MER, etc.).

Scheduling demands, workload, staffing shortages/inexperience,
performance incentives , etc. increase the opportunity for tighter
coupling and additional interactive complexity for both normal and
emergency operations.

P Human Factors | ™ FINAL T _

.

Production-Organization
Centralization/Decentralization in SSP

Findings: Demands associated with centralized and decentralized
processes are incompatible, while the former presses for inputs to address
scheduled events, the latter presses for time to thoroughly make
assessments. Centralization leads to more prescribed meetings,
documentation, etc., whereas decentralization tends to be more informal
and have varied patterns of interactions, level of documentation, etc.

Recommendations: SSP should be viewed as a flight test environment,
therefore the postlaunch management should be more formal and
systematic, similar to that for the Pre-Launch COFR

P 5 Human Factors | 0 FINAL S of4

INTERACTIONS
Linear Complex
CENTRALIZATION to cope with
tight coupling (¢.2., unguestioned,
immediate response)
DECENTRALIZATION to cope
with complex interactions (¢.g.,
careful and informed analysis)

Tight

COUPLING

Loose

“For the interactively complex and tightly coupled system the demands are inconsistent
Because of the complexity, they are best decentralized; because of tight coupling, they
are best centralized. While some mix might be possible, and is sometimes tried, this
appears to be difficult for systems that are reasonably complex and tightly coupled, and
impossible for those that are highly complex and tightly coupled. We saw the space
missions move from a highly centralized mode in the first missions to a more
decentralized one in the moon shots, and the somewhat less complex and tightly
coupled space shuttle may allow for more decentralization. But | predict that the tensions
between the two modes will remain, and consume a good deal of organizational energy.”

(Source: Perrow Normal Accidents)

Centralization/Decentralization in SSP:
Pre- vs. Post- Launch Comparison

Pre-Launch: *  Post-Launch:
— Centralized Decision Making — Centralized Decision Making
w/Defined CoC Roles/Actions w/Delegated Responsibilities
i issi i — Less Formal Mission Monitering,
— Formalized Mission Planning, :
Problem Resolution, & SOF Anemaly Review &SOR
Determination Determination
Theme:
Theme:

N ,  "Prove There Is A SOF Problem”
Prove There Is Not A SOF Problem”  _ 5 Primary w/Minimal Qutside

— NASA Space Centers Visibly Center Input
Interacting — Greater Interactive Complexity Due
— Interactive Complexity Due To To Orbiter Technologies & Space
Geographic Dislocation & Environment

Component Integration Process - Increased Tight Coupling Due to
— Tight Coupling Due to Mission Real-time OPS & Little On-Orbit

Flexibility; # CRIT 1 Hazards &
Schedule & Stovepipe Operations;
# CRIT 1 Hazards & Lack of Lack of Redundant Systems

Redundant Systems.
- [ T

[ P MaiHuman Factors [o% FINAL
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Organization-Production:
SSP Contracting Culture

+ Action / Issue: Evolution of NASA SSP culture from engineering
to one dominated by contract management
+ Background / Facts: Transition to SFOC & Primary Contractors
has altered the balance of SSP engineering efforts from NASA to
contractors
+ Findings:
— SSP engineering personnel shortages have led to reduced oversight
of contractor activities, and increased use of “insight” within them.
~ Planned SLEP extension and an aging shuttle require added attention
to analyze operational stress effects, identify new hazards, etc.
— Potential exits for reduced engineering awareness to identify problem
areas as well as engineering capability to effectively address them.
— NASA SSP engineering and scientific oversight is necessary to
ensure aging aircraft issues are monitored, studied, and acted on.

[ P 3iuman Factors | FINAL = wu-

Automation-Contracting Analogy

+ Effects of Automation <+ Effects of Contracting

- Increased Systems — Increased Contract
Monitoring Monitoring

— Automation — Contract Complacency
Complacency — Loss/Erosion of

— Loss/Erosion of Program Awareness
Situational Awareness — Selective Signal Display

— Selective Signal Display Filtering

Filtering — Eroded Engineer Skills
— Eroded Pilot Skills

[P ahuman Factors | FINAL s 004 _

Automation-Contracting Analogy

Reasons for

Implementation of
Automation in Aircraft
— Reduce Pilot Workload to
Cope w/Advanced
Technology
— Shift Pilot Primary Focus to
Mission vs. A/C Operation
— Decrease Potential for Pilot
Errors
Actual Qutcomes
— Shift from Psychomotor to
Primarily Cognitive Workload
— Causes Similar Errors;
Generated New Types

« Reasons for Instituting
SFOC & Other Contracts
— Reduce NASA SSP
Workload to Cope w/Budget
Constraints
— Shift SSP Primary Focus to
Operations vs. R & D effort
— Increase Efficiency; Maintain
Safety
* Actual Outcomes
— Shift from Engineer
Oversight to Contract
Manager Insight
— Some Efficiencies; May have
Impacted Safety

[ P Mamuman Factors | 7 FINAL [ 2cra [

Organization-Production:
SSP Contracting Culture

* Recommendations:

— NASA must develop a capacity to provide oversight, not only
for S&MA, but also oversight on the engineering level for
each critical technology area.

- NASA must acquire and develop an engineering staff and
provide for requisite training to support both oversight roles

M3/Human Factors [ ™" FINAL
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Organization- Fleet Experience:
Potential COFR Process Defense Breaches

+ Actlonfissue:
Pre-Launch Factors May Impact COFR Process Effectiveness

+ Background/Facts: Reason's “Swiss Cheese” Model is used to
categorize/organize latent conditions of failed or absent defenses
that “set the stage” for active failures which lead to incidents; it can
also be used for examining those factors affecting decision-making

+ Findings: SSP COFR is considered a rigorous, systematic process
leading to accurate SOF launch decisions. It is perceived as being
shielded from outside factors, yet if an organization, supervisor, or
member is influenced by external factors, it can be contended the
process can miss signals of absent/failed defenses, accept
perceived minor deviations, or permit margin of safety reductions.

Frevenar

M3/Human Factors | ®™  FINAL e 1of{_

Potential COFR Process Defense Breaches:
Applying Reason’s “Swiss Cheese” Model

NASA SSp alent Condifions
Management +Budget Pressures. *Program Uncertainties
< +Schedule Pressures  * Technology Maturity

Outside

Influences 0\ L Latent Conditions (Same ax the abave plus)
-Congress Contractors ] *Contract Requirements » Workioad Fluctuations
-Taxpayers % w = +Performance Incentives » Safery Oversight
-White House Q) Sulb- Latent Conditions (Same as the above plus)
-Interest Groups Contractors [ +ET Foam Tssues ~Orbiter Corrosion
? (o] a +TPS Limitations = Aging A/ Concerns
/ G FRR Active Failures (Accepted Risk)
o .
5 d o (o] C Degrad.

Failed or Absent

Hzard Defemes |

o o COFR $TS-107
Known ET Foasm Problem
Kwpown RCC T-Seal Concern
* Kne#n Wiag Spar Gotvosion

Adapled from Reason’s “Swiss Cheese” Model

PR ) Human Factors | ™ FINAL [ 25 [ileed)

The way to manage this risk: %

Safety of Flight Issue II

(TPS Damage from Bipod Strike)
Reduced

Safety
Margin

In-Flight Anomalies
(Bipod Separation)

Is to quantify
and manage
this risk:

Out of Family/In-Experience EventS®—__| Accepted
{Foam Shedding) Minor

Deviations

In-FamilyEvents
(Foam “Popcorning™) Failed or

Absent
Defenses
Unobserved Events
(Undetected Voids)
Heinrich Ratio Adapted

Potential for COFR Process Defense Breaches

Reduced
Safety

Tdeal Margins
e Accepted

@ Minor
[ = Deviations

g Perceived Admz;\\

Process o Frocess Absent/

= @—1 T Failed
g - @ Defenses

M3/Human Faclors | ™ FINAL S 4 of5 u
e

Organization-Fleet Experience:
Potential COFR Process Defense Breaches

* Recommendations:

— NASA should examine potential pre-launch factors that
can influence FRRs and the subsequent COFR
process to ensure external factors do not weigh-in on
SOF decisions

— NASA should ensure potential SOF information is
actively sought and acted upon, not filtered and ignored
due to pressure, complacency, or norms.

Prasenr

MaiHuman Factors | ®* FINAL [*= 5o [Eiea]
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Organization-Fleet Experience:
SSP as a High Reliability Organization

* Action/ Issue: The SSP needs to more closely align itself as
an HRO

+ Background / Facts: Organizations that have less than their
“fair share” of failures (e.g., nuclear submarines, petrochemical
plants, etc. despite:

— managing complex & demanding technologies

— meeting peak requirements & time pressures

— routinely handling significant risks & hazards

- executing dynamic/intensely interactive tasks
are termed High Reliability Organizations (HROs). They
exhibit “mindfulness”, an ability to identify an maintain
awareness of potentially hazardous situations and to act
quickly to contain or mitigate them

[P M3 Human Factors] ®  FINAL T 1or6 -

Organization-Fleet Experience:
SSP as a High Reliability Organization

+ Background | Facts {con’t):

v Preoccupation with failures- treating any performance
lapses as a symptom of a system based problem
Reluctance to simplify interpretations- deliberately taking
steps to create mere complete/nuanced pictures

v Sensitivity to operations- attending to front-line conditions
for well-developed situational awareness

v Commitment to resilience- develop capabilities to detect,
contain, and recover from inevitable errors

v Deference to expertise- encouragement of a fluid
decision-making system using appropriate personnel

PR 3 tHuman Factors] %% FINAL "5 of6 m

Organization-Fleet Experience:
SSP as a High Reliability Organization

* Findings: Pre-launch events as well as historical
factors indicate the SSP is not fully aligned as an HRQ.
Some examples that the SSP does not fully exhibit the
characteristics of a HRO, include :

#* Preoccupation with Success:
— ET foam shedding accepted as in-family event

» Tendency to Simplify Interpretations:
- Shuttle is operational and its technology is mature
# Insensitivity to Operations:
— Effect of consolidation moves on experience and skill level
» Non-Commitment to Resilience:
— Predisposition for post-landing vs. on-orbit damage assessment
Lack of Deference to Expertise:
- Limited post-launch JSC interactions wicenters (OPS vs. R&D)

v

[ Mattumen Factors| P _FiNAL [~ __3o0rs [oiEEEY
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| Identified Reasons for Failure |
Saurcs RAND. used wiih parnusuon

[P M3 iHuman Factors] ™ FINAL | YT “

Reason for Failure STS-107

(Taken from Rand report) Pre-Launch Issues

Cost & Schedule Constraints OMM Overrun, #Mission Slips, & 1SS Schedule

InsufTicient Risk Assessment Previous Foam, Tile, & RCC Events
& Planning & Potential Interaction

Underestimation of Complexity &
(Overestimation of) Technology Maturity

TPS- Tile/RCC & Foam
(e.2.. MFG, Install, Aging, & Repuirs)

Insufficient Testing
(¢.2., Testing, Analysis, NDF, etc )

TPS- Til/RCC & Foam
(e.2.. MFG, Install, Aging, & Repuirs)

Poor Team Communication Stove-Piping of Component Operations &

Horizontal Integration in Technology Arcas

Inattention to Qualily & Safety SFOC Transition: NASA Insight vs. Oversight

Inadequate Review Process TPS- Tile/RCC & Foam

(e.g.. MFG, Install, Aging. & Repairs)

Design Errors
(e.g. Inadequate Specs, Crileria, dlc.)

TPS- Tile/ RCC & Foam
{e.g., Anomalies, Specifications, BiPOD, ele.)

Tnadequate System Engineering Component Integration Concerns

(e.g_, ET Foam Mating Damage)

Tnadequate or
Under Trained Staff

ENG: Stafting Levels, Size, & Fxperience*
OMM: QA Tnsp., Aging Workers, & Workload*

*Not a factor in STS-107

[P Ma/Human Factors] ™ FINAL [5~ _sors [oieea)

Organization-Fleet Experience:
SSP as a High Reliability Organization

* Recommendations:
— Re-examine treatment/resolution of past, present & future
anomalies
Provide for greater hands-on presence & involvement of NASA
personnel in all aspects of the SSP
Reform pre-/ post- launch reviews, add a pre-landing review, &
retool on-orbit mission monitering/support
— Provide for improved post-launch & on-orbit vehicle
assessment as well as on-orbit repair & escape
— Establish a matrix of Subject Matter Experts to be enlisted for
respective technology areas impacted by anomalies

PR 3 Human Factors] % FINAL s Gots _
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Organization-Fleet Experience:
Risk Acceptance in the SSP

!ﬁlﬁmm
Action / Issue: j il e w0 @
Risk Acceptance in the
SSP  Rasonake foeFigt.
Background / Facts: Cvany

Scholars studying NASA & Tt v s Sty
SSP have raised the issue Ayrv it
of risk acceptance, * e hae Lo o e £ oo |
overlooking/failing to  EmmE» Tmﬂﬁ"“ﬂmhmﬁm
recognize the severity of « M rom oo week nchrbng E3- 15w EX-106 v
possible problems

wmsamm.dmznw
opmance sk
(e.g..Vaughan, Feynman, - R oam "
etc.) rﬁxadmmm

i kit 3
mmm-bmlm

i Arsch Fricg

0 - b G pwion | Prossss ¢ Pos gl herding. e
L ~ xkablity of i o v TP e bigherino v an o ighs
Ew * i ET is saft-do iy with o comoen fan o aded sishj

=

M3/Human Factors | °™*  FINAL

Organization-Fleet Experience:
Risk Acceptance in the SSP

« " Findings:
— Risk acceptance may be a continuing phenomenon in the SSP.

+ Increase in waivers and “work arounds”

— There seems to be repeated failure to identify and attend to weak signals
oceurring over time

+ “foam loss never has been a SOF issue”

= Bryan O'Connor (NASA HQ S&MA Officer) discusses 3 levels of the Risk
Iceberg to describe Risk Acceptance in NASA:

1. Known Knowns: Repeated or routine events and established facts.

2. Known Unknowns: Known possible events, but unknown when or
how they will happen. Also, recognizing the limits of one's knowledge.

3. Unknown Unknowns: Rare (or have yet to occur) events. There is
insufficient vigilance in the process to look for their possibility.

4. A possible fourth category: Unknown Knowns: Situations where an
abundance of data exists (known knowns), but it's too much
information to filter through & select out the relevant data for a given
situation in a timely manner. High signal to noise ratio {Thompson
2003). Especially relevant during crisis or unusual conditions, like

mishaps.
B [ T Markuman Factors | %% FINAL T “

Organization-Fleet Experience:
Risk Acceptance in the SSP  icuwerons

ana CAlE

LEVELS OF RISK ICEBURG SKILLS ANALYTICAL TOOLS.

- Knarwn Krawn - CIRASCAl SUNSBANCE lecTTigues « Statistical Process Coatrol

Repested | reuline everts + Mentoring of engnesring science « Teat chackeul pOCEOUR
~Established focts - Stnuctured analytical approaches + Trending anayza
—verfiabio

- Krawn Unknowns +Inqusiivn surmdlance « Proictiva analyses | decumenation
—Hnown possible svenls + Pradiclive | imaginalive hypothess + Contrated experimentation
~UNAGAT Whan o now + MESHITEMANS of Kiwierige « Test - lo - faiure appriaches
—Uimits of knowtesge knawn - Flest Jeader spprosches

+ Unknzan Known + Dats mAnagemen skits « AdtOMIBled S8 461N 1ECANCIOTY
~Dsta exist  Injerpretation skills + Tranang { Anaiical tecaniques
—~Too much nformation bo fiter | «"ArT lerm of sunveitance + Intelligent appiications

~“High signal 1c nosa”

* Unknawn Unknewn * Gut-of-bax thinking / nguisive * Integrity programs
~Rare  yel fo cccur events - Explortory sarveilance  Fieet Ieader spproaches
-Unabis o recognize sossibifly | - High erperence  echnica knowiedge + Test - anaze - o spproaches

—Bayond limits of knowiecge | -Imaginalive f ntutve + Desigafor st
—iaiva bjectity Fraan ook

* Al levels require skill development and maintenance (structured training, simulation, case sludies, etc.)
+ Great discipiine and care must prevent one category from "sliding” into lower cate:
+ Proper selection and execution of analytical tools will draw out and nurture (exercise) the desired skill

[ P M3iHuman Factors [ FINAL | sma_
ol

How do We Know What to Fix?

Organization-Fleet Experience:
Risk Acceptance in the SSP

There are things we know that we know.,
T?rem are fhm_gswedalmaw fhafwe danrlmow

Honorable Donald Rumsield
U. 5. Secretary of Defense
NATO HQ Press Conference, June 02

PRy 1 Human Factors | ™ FINAL [ 2ofa n
e Pk

The Risk Iceberg

« Mishap recommendations
* Problem solutions

« IFAfixes Lo

+ FMEA/Hazard controls
* Close call reccmmendatioas

» Ignored close calls?

+ Qld cert, new environment?

+ Inadvertent excursions out of
cert/family?

» Hardware talking...nobody

listening? w

[

Taken from & briefing by Bryan O'Cannar on 19 March 03

M3/Human Factors | ™ FINAL TN

Organization-Fleet Experience:
Risk Acceptance in the SSP

. Recommendations:
SSP should increase its vigilance regarding Risk Acceptance by incorporating
various preventative measures. For example:
- ersonnel- entori Ir

+  The SSP should establish ongoing i ips between exp
and less experienced personnel.

+  Senior personnel have knowledge stores, problem resolution
experience, troubleshooting, and ability to detect nuances with complex
systems.

+  Such attributes allow for practicing "art” vs. science of Shuttle
engineering when confronted with situations where existing models and
processes may not fit perfectly.

- A Process-focused Program:

+  The SSP should consider incorporating a structured paradigm providing
a disciplined approach to technical analyses & other critical processes.
— The KNOT meodel (Known, Need to Know, Opinion, Thought to be

Know) is used by some USAF analysts in cases of unexpected or
unexplained failures. It can be used in combination with a

“fishbone” model of fault-tree analysis.

[P Ma/Human Factors [ ®™  FINAL [=  6ofs u
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The KNOT Model

Tuen Thonght 1o be Kneva Heed to Know Dpimons
¥ Knawn through ¥ Tnderstood by v Unknown due to ¥ Judgments based on what is
Established Facts extrapolahion on what inexperience, lack of “Known
Ex SOF determnation is is Known. information, etc Ex Current NDE techmques are
required for CoFR Ex Damage assessment Ex Tile SOF concerns | sufficient for inspections
software accuracy Erom large foam strices ot “Thonght 1o be Enowa™
7 Enewn theough Ex Noneed for DoD) imaging given
DirectInformation | ¥ Understood via ¥ Unknown due to not | dammge not deemed SOF
Ex TPS Burn through expecience with milar | recogniring 45
temperatures. events importance orneed | ¥ Hypotheses based on what is
“Foewa®

Ex “Foam loss neverhas | Ex Potential capability

been a SOF issue”

of satellite imagery

Ex Bum throogh will ocowr givena
compromised RCC

or “Thonght to be Known™
Ex On-orbit tie repair will cause
more damage than good

Fresemr i o
M3/Human Factors

FINAL [o 7o FEIE|
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Organization-Fleet Experience:
Risk Acceptance in the SSP

» Recommendations (continued):

An Empirically-Based Program

— The SSP should continue its developmentimplementation of
a Probability Risk Assessment (PRA)

— PRA is currently being developed by SSP S&MA Office, it
integrates all models into a complete Shuttle PRA

— The Shuttle Project Offices build project-unique failure logic
models and perform corresponding data analysis

— The PRA applies a linked fault tree approach to develop failure
probabilities (functional, common cause, human error, &
phenomenological); Bayesian updating is used when insufficient
Shuttle-specific data exists to help to identify Unknown Unknowns

Takea from a brisfing by 1. RaisbackR Boyer 14 Apri 03

sata Bof 8
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Space Shuttle Systems Integration Office

Action / Issue:

— Space Shuttle Systems Integration Office (MS) stovepiped and not
organized to enhance horizontal integration of the various STS
elements and projects.

Background / Facts:

- Space Shuttle Systems Integration Office (MS} supposedly conducts
integration responsibilities across all STS elements and projects
Tasks involving the Orbiter are worked by MV
MS, MV equal on organizational charts; both at JSC
— Integration relationship between MS and the MSFC projects (ET,

SSME, SRB, RSRM} better defined

Rank for the respective managers in MS is GS-15 and MV is an
SES

me— M3 D EINAL =3 mu_

Space Shuttle Systems Integration Office

Findings (to date):

— MS does not integrate the STS.

— office works closely with MSFC projects, MS does not integrate
the Orbiter under MV

— MSis an interaction office stovepiped to the Shuttle projects at
MSFC and works with the Orbiter office.

— If MS office properly used, could have focused away from day-to-
day brush fires and worked proactively to prevent problems

— MS has limited integration responsibility with the SFOC (SRB is
under the SFOC) contract and contracts for the ET, RSRM and
SSME.

— If all contractor elements of the STS were integrated from MS,

tracking the bipod shedding might have been centrally monitored
and waorked.

| i W3 Do EINAL = aora e
M3

Space Shuttle Systems Integration Office

— MV does not send representative to Integration Control Board
{ICB) run by MS

— MS representation nat required participant at MV Vehicle
Engineering Control Board

— Not every bipod shedding resulted in IFA.

— Sometimes the Orbiter office had responsibility, sometime the ET
office at MSFC

— No contingency plan for using fault trees.

« MV started an Orbiter fault tree

« MSFC started a fault tree for each of its projects (ET, SSME, SRB,
RSRM} independent of JSC

Frsvnr

M3 O FINAL S Zof4 wu 2|

Space Shuttle Systems Integration Office

Recommendations (to date):

— SSP needs to reorganize the Space Shuttle Integration Office to
make it organization for all the elements of the STS, not just the
ones at MSFC and separate from the Orbiter.

— Any integration needs to include the STS contracts: SFOC (KSC
and SRB), LM (ET), Thiokol (RSRM) and Boeing/Rocketdyne
(SSME)

— Integration will be particularly impartant in all the Return to Flight
actions.

— Setting up a more efficient integration office will allow the SSP to
focus on the strategic planning and program development for the
STS and not just on operations.

PR ey
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Organization-Maintenance:
Human Factors in Maintenance Error Prevention

Action [ Issue:
— Human Factors is Critical to Error Prevention in Maintenance Operations
Background / Facts:
- MXerrors typically associated w/ the “Dirty Dozen”
+ Lack of communication, teamwork, awareness, knowledge, resources, & assertiveness.
+ Abundance of pressure. norms, stress, distraction, fatigue. & complacency
- Common Management factors in MX errors tied to information dissemination,
organizational policy/procedures, & supervision.
— Common human factors in MX errors tied to communication, individual skills,
technical knowledge, jobltask, & A/C design.
Findings:
Given projected workforce turnover, potential for QA vs QC practices to miss potential
errors, recognized deficiency in oversight, and increased maintenance requirements
associated with an aging aircraft
Recommendations:
Need to provide for a human factors analysis of maintenance practices and provide
targeted 1, including mail \ce resource management training

[P pMasHuman Factors | ** FINAL ZEETT
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Organization- Maintenance:
Human Factors in Inspection

+ Action /Issue:
— Human Factors is Critical in NDE, QA, & Inspection Activities
+ Background / Facts:
~ Primary human factors associated with inspection process effectiveness
are training, OJT, co-worker information, understanding of fault modes, &
expectations of faults
- Job factors include documentation, standards, SPECs, lighting, and
visual/physical access
+ Findings:
— Numerous inspection activities related to ET foam installation, TPS
integrity/repair, & aging orbiter are critical to safety of flight
— Numerous inspection aclivities related to orbiter and component
construction, overhaul, and repair are critical to safety of flight
+ Recommendations:
— Conduct human factors analysis of present/future inspection procedures
and conditions to provide for optimized Human Systems Integration
— Observe the impact of workforce norms, complacency, etc. on the
inspection process and provide proper oversight

[ T MajHumen Factors | % FINAL [se 1afi
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Organization-Maintenance:
Human Factors in FOD Prevention

Action | Issue:
— Human Factors Is an Essential Component in FOD Prevention
Background / Facts:
— Human factors in FOD prevention includes preventative practices, training, &
personnel awareness.
~ Management factors in prevention include specialized assignments, awards
programs, housekeeping guidelines, tool control, material handling, & reporting.
Findings:
FOD concerns should not be compromised by renaming to facilitate contract award
and operations; potential for FOD to create a Safety of Flight issue is great
Recommendations:
— Provide for a human factors analysis of FOD practices, handling, and disposition
to to provide for optimized Human Systems Integration
— Need to observe the impact of workforce norms, complacency, etc. on the FOD
prevention and provide proper oversight

T M3Human Factors | FINAL Sice 1ﬂf_
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Decentralization & Resilience in Handling Anomalies:
LaRC-JSC Exchanges on MLG Concerns

« "Action [ Issue:

— Decentralization is critical in detecting anomalies and providing for resilience
+ Background / Facts:

— Jan 27" JSC & LaRC engineers had phone/e-mail exchanges on the foam
debris assessment (included charts indicating that the left MLG area could be
involved).

JSC engineer stated there was concemn the MLG door was “vulnerable”, perhaps

leading to a two flat tire landing (or compromising MLG). Discussed simulating

landings to evaluate outcomes, but no formal request was pending; Explored

doing “after hours™ piggy-backing on astronaut training underway at NASA ARC.

— LaRC engineer expressed concerns to JSC counterpart to be prepared in case a
problem arose on landing; contacted management on JAN 28" an about
concerns

— Reviewed previous related data runs; JAN 30" provided scenarios tied to
potential MLG problem (most had severe outcomes). Simulation results for a two
flat tire landing provided on JAN 31 showed it was survivable/controllable
condition.

— Based on established working relationships, the negative scenario observations
(with caveats) were passed to select JSC personnel for consideration, whereas
favorable simulation results were given to a wider JSC audience for review.

[P M3 Human Factors] ™ FINAL = 10(5”

Decentralization & Resilience in Handling Anomalies:
LaRC-JSC Exchanges on MLG Concerns

* Findings:

— Formal dissemination of feam debris assessment did not make it directly
{or in a timely manner) to all potentially affected parties, especially those
who may have the expertise for the proper diagnosis of associated
problems and /or the development of mitigation/containment procedures.

— Ineffective dissemination leads to informal channeling that can not be
relied upon to get information expeditiously to affected systemitechnology
experts and provide them an adequate chances to make inputs for
decision-making.

— E-mail/Powerpoint are tools for asynchronous communication {often to a
select audience), however they can not be relied upon to ensure
understanding, influence decision-making, or elicit action (especially from
non-targeted recipients/respondents).

— Note The actions these working level engineers took to overcome limited
horizontal integration between OPS and R&D (& NASA Centers) so as to
network, marshal resources, and prepare for a potential contingency is an
example of the resilient spirit that led to the successful return of Apolio 13.

[F™™" M3iHuman Factors] ™ FINAL [5e 205 m

Decentralization & Resilience in Handling Anomalies:
LaRC-JSC Exchanges on MLG Concerns

* Recommendations:

— Guidelines regarding communication of safety issues/concerns
should be established to ensure early/full dissemination of
information to recognized government and contractor system and
technology experts who work OPS, R&D, etc. at all NASA
Centers.

All channels of communication (e-mail, phone, etc.) should be
open and encouraged to discuss/disseminate safety concerns, but
assurance must be made that information is raised to appropriate
management and safety oversight personnel.

Disseminate information prior to decision-making sessions (if
possible) for preliminary review and potential comment to increase
early feedback, participation from attendees, as well as comments
from interested parties unable to attend.

Frevemir
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. Langley e-Mail Exchanges

Decentralization & Resilience in Handling Anomalies:
LaRC-JSC Exchanges on MLG Concerns

* References:
- E-mail exchanges on foam damage and LaRC and JSC interactions
regarding the initial damage assessment. Complete set of email beginning on
Jan. 23
" i mail ]
E-mail exchange an Jan. 28-31, 2003, on assessment of potential for a breach
in the landing gear door or wheel well during re-entry into Earth's atmosphere
¥ X G0V, i
— E-mail exchange within LaRC regarding main gear breach concems on Jan.
31.

1

(htte:/fwww.nasa.gov/pdii2208main COL._email larc.pdf)

Daugherty, R. & Shuart, M. (10 MAR 03) NASA Langley Press Conference
(bitp:/fwww spaceret, i id=8270)

NASA HQ Records Management Bulletin 87.01

hi hq.nasa nG701.htmi)

NASA Information Systems Directorate e-mail Guidelines

(hitp:tisd.isc. GAjcomg il i himi)

- Palme, J. (23 MAY 99). Support for Decisions by E-mail. TERENA Conference
(bitp:ffwww dsv. su.se/~ipaime/ietffJPMADS. himi)
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Organization-Orbit;
Engineer Simulation Training

Action | Issue:

— Lack of Ongoing Formal Event Simulation Training for Shuttle

Engineers involved in the MMT/MER
Background/Facts:

~ Comparisons with SSP and DoD safety performance should consider
differences in training levels

~ DoD trains at all levels, across nearly all operations, with all affected
personnel: An established and accepted organizational norm.

Findings:

— In SSP, only the Astronaut crew and Flight Control team receive on-
going formal training; the MMT conducts a simulation exercise
once/18 months

— The MER and other principle engineering support teams receive no
on-going formal training beyond initial orientation

[ P M3iHuman Factars | P FINAL Jeiee 1012-
St

Organization-Orbit:
Engineer Simulation Training

* Recommendations:

- Aformal training program should be developed to meet 2 major
goals:

1. Strengthen basic & advanced skills and processes during
routine and unusual conditions

2. Strengthen team integration & communication processes
within & among technical & management elements,
specifically the MER & MMT

—  Training should include practice problems, simulations, realistic
scenario play, performance evaluation, & feedback (strengths,
weaknesses, & lessons learned).

- Seasoned engineers (i.e., mentors) should be incorporated into
training exercises to continue the knowledge transfer effort
(Note. Particularly important to develop trouble shooting skills
and situations requiring subjective judgment calls.).

T
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Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX

« Action/ Issue:

- Boeing transition (12/01-03/03) of Shuttle operations (OPS} support function from
Huntington Beach, CA (HB) to Houston,TX {(HOU) precipitated a large turnover in
personnel with significant program experience and technical expertise.

~ To minimize effects from a potential loss of experience/expertise, Boeing planned a
risk managed knowledge transition process, with an emphasis on key positions.

- Process was not uniformly implemented, potentially impacting support capabilities.

* Background:

- In Dittemore’s March 6" testimony to the CAIB, he indicated the transition was a
contractor-based initiative to get "engineering closer to the customer” and achieve *
. fficiencies that would lower the overall cost”.

- Pre-ransition Boeing had ~1,300 jobs: ~1,000 (76%) in HB & ~150 (12%) in HOU:
Post-transition Boging had ~500 jobs in HB (38%) & ~580 jobs (45%) in HOU.

~ Only 97 HB Boeing incumbents transferred to HOU, requiring over 330 jobs to be
filled (This included both critical SSM and various engineering positions).

=

P A3 Human Factors [P FINAL
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Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX

Boeing Proprietary Information
Background (con't): Mot for Releass:
— By March 31, 2003 there were 531 total jobs that transferred
from Huntington Beach to Houston and Florida
— Of the 531 jobs that transferred, 140 people relocated from
Huntington Beach. The remaining 391 positions were filled
by replacements

Job Distribution by Category (March 31, 2003)

Engineer Management Others. Tolals
Total Jobs Transferred (est) 424 56 52 531
Relocations (est) 89 33 18 140
Replacements (est) 335 22 34 391

PR 3 Human Factors | P FINAL
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Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX

Overall, their plan appeared to be both systematic and
comprehensive, encompassing:

¢« 15-month transition timeline that covered
catalog incumbent KSAs through twa shuttle missions (STS 112 & 113),
questionnaires, video interviews, and providing “real time” OJT
toolboxes +  Set 3-month period for individual job
+  Critical skill checklists, based on inputs transition, to include face-to-face training
from each incumbent performing a task  *  Certification process for key positions
comprising a given job” (e.g.,Sub-Syslem Manager) & Integraled
- HB compstency managers and HOU Team Manager sign-off for others
Integrated Team Managers review of + Eslablished guidelines for identifying and
KCPs w/ corresponding checklists, selecting critical personnel and engineering
+  Risk management of the task transition replacement candidates
process, to effectively identify, assess, Pairing a job candidate with respective
and address hazards; "Red-flagging” incumbents for formal task training and
areas for additional oversight based risk mentoring whenever possible

+  Knowledge capture process (KCP), to

=
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Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX

Background (continued):

— Boeing transition review (11/02) accomplishments listed hired 95% of replacements,
completed 85% of programmed training (70% completed all of the training), and
replaced 98% of critical skills

~ Boeing HB site director indicated that a further endorsement of the transition’s

success was USA's consideration to use this KCP model in their organization.

— Boeing performance and safety award fee scores were higher than pre-transition
Findings:

Wity I | Tran: P
— Despite the official reports' positive tone and the site director's comments,
witnesses questioned the actual success of the transition process (including
knowledge capture, individual training, and exit evaluation).

- Witnesses characterized the process as compressed (and consequently rushed);
lacking standardization, clear job-based criteria, and post transition group/ individual
risk re-assessment.

Further, former analysts (aero, stress, thermo, & structures) had additional concerns
that the transition could impact the on-orbit reported damage assessment

[
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Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX

Findings (continued):
Knowledge Capture Process (KCF)
- Wit  Gen tions:

* The KCP was seen as "Ioo iltle, too late.”

. Par!l.;a of the KCP were not as useful as others; whereas some felt the entire KCP was not useful
at all.

+ The KCP was not as specific on analyses functions as it was in hardware areas; but laad
analysts reported they did effectively document troubleshooting, problem-solving, lessons
learned, etc.

* Overall, there was a cumulative loss of experience across all technology areas. This concemn
was expressed lo managemenl in both formal and informal settings, including all-hands, staff,
and hallway mestings.

* HOU witnesses reported that while KCP was lacking, actual knowledge transfer process was
sufficient

- Questionnaires:
The job questicnnaire documented inpuls, processes, and products of a position.
Some witnesses indicated it was adequate, but it could not caplure decades of expsrisnce.
It was perceived as too brief and inadequate, as it gathered only top-level, generic information
about positions.

[P MarHuman Factors [ %™ FINAL Jsie 5o 14 J§

Organization-Orbit;
Boeing Transition of Orbiter Support from CA to TX

Findings (continued):
Knowledge Capture Process (KCP)
- Video Interviews:
* The video-taped interviews were intended as a “how-to” demonstration of
procedures lending themselvas to hands-on or hardware processes.
+ Many incumbents were not asked to participate in videotape interview.
Most felt they were useful for technical, hands-on tasks, but not useful for
other activities, like procedures and analysis.
* One analyst thought this was the only useful KCP component.
— Toolboxes:
* Incumbents were asked to make a complete listing of all files, references,

locations of guiding documents, policies, analytical tools, software, etc. that
would be relevant for a particular position.

* While this compilation was not required of some lower-level engineers, most
agreed that this was the most useful part of the KCP.
* HOU engineers acknowledged there is continuing work being done on the

toolboxes
[ o T
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Organization-Orbit:

Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX

Boeing Transition of Orbiter Support from CA to TX

+ Findings (continued):

* Findings (continued): Selection, Training, & Certification
Knowledge Capture Process (KCP) ~ HOU mgmt. oversaw most new personnel hiring. Excepl for a few senior positions
— Management Review: [axn(c,io:::sfers from HB, the HB supervisors were not involved in the selection

ftaview of the KCP products afler, e incumbent compliad them was sporadio ~ KCP end products were collected from the incumbents and then provided to the

at best. Integrated Team Managers (ITMs) who oversaw the transition training for new hires

« They generally indicated that their manager received it and in some cases and transfers. ITMs were either senior SSP people who transferred or experienced
reviewed it, and asked for clarification. In other cases they merely took it, with SSP people recruited from NASA or USA. There were some instances where the ITM
no revision or refinement. themselves were new hires.

Training utilized the HB incumbent when they were available. The incumbent
conducted 2-3 weeks of training with the trainee at HB, while the ITMs oversaw the
remainder of the training process at HOU.

Training plans or checklists were to be covered over a 3-month period (approx. ) for

The witnesses collectively stated there was no training on how to do the KCP,
no standardization of the product produced, and it was not
systematically/uniformly implemented.

* The process was more difficult for senior personnel and for management types, each job; all jobs were lo be transitioned over an 18-month period. When incumbents
e.9., to produce an effective video interview as stated above and management were satisfied with trainee's performance, the incumbent was given

+ Overall, the KCP did not consistently follow the transition plan in many cases, a 60-day notice. Incumbent remained available to the trainee during this time period.
especially for non-critical positions. — New SSMs required a controlled, muilti-step training and certification process.

Certifications requirements and processes were approved by USA/NASA. Each SSM
was evaluated by Boeing/Customer Boards foe final certification.

[P W juman Factors [ 0% FINAL S 70014 u [P MaiHuman Factors [ FINAL [*% gof1s “

» Organization-Orbit: Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX Boeing Transition of Orbiter Support from CA to TX

* Findings (continued): + Findings (continued):

Selection, Training, & Certification Selection, Training, & Certification

The transition's beginning phases appeared rushed. Thus some positions and any Exit criteria for the training process was unclear to incumbents, other than
process perturbations {e.g., a candidate or incumbent leaving) compromised mmpleung the checklist/training plan. In some instances, the list was not
process integrity. completed or the candidate was not proficient to the task(s) by the time the

- Toward the transition’s end, some witnesses stated there was pressure to finish transition ended. Some witnesses expressed significant frustration and concern
training to complete the transition. Though incumbents were available for training about this.
candidates, they were not given 3 dedicated months to train: either the incumbent — Most SSM training and certification processes were coordinated by managers.
attended to other duties or the candidate was not on site. They indicated the process was rigorous and included USA/NASA participation.

~ During the 3-month training period, the incumbent charged a special transition job Most SSMs held significant seniority with the SSP. Although some portions of the
order number, whils the candidate charged to SSP. B certification process was not highly structured, most witnesses said this process

* There was some pressure not to exceed the allotted transition time, despite went very well. Records indicated that the training and certification process for

the trainee's proficiency status and/or checklist completion.
» HOU management stated the training budget was under-run by $2M

— In contrast to HB incumbent experience, the replacement HOU based employees
reported the training to be sufficient in quantity and quality.

SSMs was well documented.

- The incumbent and candidate worked together for STS 112 & STS 113, two
missions flown during the transition process. STS-107 was the first mission flown
Vi e p s §tacks el ol " after transition completion, with HOU holding primary responsibility.

— Most candidates were deem icient for normal s and conditions. However, 4 i i
incumbents indicated that trainig was conducted with an understanding that in Sighfter the l:ansmon was complete, incumbents provided further assistance anly as
unusual cases {out of family, etc.), the incumbent and trainee would work together. 9 by the new

=
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Organization-Orbit: Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX Boeing Transition of Orbiter Support from CA to TX

* Findings (continued): + Findings (continued):
+ Risk Management and Over-Site Risk Management and Over-Site
— Risk mitigation plans for each taskitask group were incorporated into official Task _ STS-107 & STS-114 were listed as yellow due lo some Orbiter replacement
Tr.a_nsi(.\nn Plans. Th_is process included assessment of probability, severity, and risk personnel generating flight productsywith approved wark around p‘t)an and some
mitigation for each risk item. Tasks were id.epli'ﬂedla!'bd tasked on team schsduleg; System Integralion personnel having no certified back-up. The action plan to
moniloring of the knowledge caplure, transition lraining, and certification/complation miligate risk was listed as “Transition plan has been developed and partnered with
processes were employed. However, Witnesses observed the process as non- NASA" and “NASA and USA in oversight mode unlil transition completed”.
systematic in overall implementation,
— Baseline risk assessments were not adjusted on an individual basis to consider
experience level, "out of family™ selection, etc.
— A02/02 NASA SSP S&MA risk mgmt. report indicated "yellow™ (5- "high” likelihood & 2-
“med-low” consequences) through FY 02 for supportability and safety due to the
Boeing relocation; A 10/02 NASA SSP S8&MA risk mgmt. report indicated “yellow” (4-
high-med likelihood & 2- med-low consequences) for supportability and safety through

- Once the transition process was complels, no re-assessment of individual risk was
done.
- Boeing contracled Independent Risk Assessments (IRA) for the transition.
« The goal was to complete staff training by the end of 12/02. “Victory Criteria”
included: completing 80% of the hiring, 90% of the training, 90% of the critical skill
replacement, 390% of the redeployment, and 100% SSMs trained and certified.

" N « Their analysis indicated a 95% chance that criteria would not be met by the end

FY 03 (est. Resolution 01/03} due to the Boeing relocation. ) DEC 02, a 50% chance by 02/02, and a chance it may extend until 03/03 (and until
= Listedasa "jpp Issue”, the impacts listed were "Low percentage of incumbent 05/04 without careful management).
personnel willing to relocate” and *Coulkd impact COFR process integrity.” It also + Given the situation, they recommended a *suparcharged" interview and pre-
indicated various concems: loss of existing skills and experience, challenges to replace screening process; acceleration of making offers, hire decisions, reporting dates,
pemonngl. incumbent relsnhop to support comraqted tasks and train replacements, and training start-up; carefully control/manage training time and work on scheduling
and quality of NASA/USA available for out-of-family support. (especially if ingumbent is lsaving).
[ P MasHuman Factors [5 FINAL [#% 110i 14 m [T 3 Human Factors | 0™ FINAL [= 1201 14 “
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Findings (continued):
Analysis from a High Reliability Organization (HRO) Perspective

Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX

Progess Auditing: Boeing should have ensured knowledge capture from incumbents was
working, transilion training with replacements was adequate, and training exil criteria was
appropriate 1o ensure workers were proficient in the tasks they were to perform.
Quality Assurance- ensuring thal the trained candidate was proficient for both normal and
emergency operations, appropriale‘adequate tools were issued in toolboxes, and tool use
instructions were complete and covered any limitations.
Rigk Management- assessing risk on an job level for each transfer 1o HOU; assessing risk pre-
training to tailor training for individual replacements, reassess risk after training to determine if
risk was within acceptable ranges and maintain awareness of specific hazards, and establish
nes\ss for targeted intervention.

providing incentives for brining replacements to a level of demonstrated
pmfmgmy Tor al jobs (not just SSMs), and not just simply mesting the deadline ta fill all jobs
and gel them signed off as qualified. Ensuring there are no perceived pressures! punishments
for holding off on sign off due to deficiencies.

- making adjustments for situations where the incumbent/candidates were
not in constant contact during the transition training process, when the training was nat fully
completed or the incumbent was not available for the training, establishing and supporting
mentoring relaticnships, and nol providing for lifelines of netwarked experls 1o support

emergency silualions.
FINAL BECIRERET) “
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+ Recommendations

Organization-Orbit:
Boeing Transition of Orbiter Support from CA to TX

Boeing should place additional emphasis on continued skill building and knowledge
acquisition from seasoned incumbents to new and transitioned personnel (beyond any
remediation).

Boeing should devise a systematic method for incumbents and new hires/transitions to
have regular communication exchanges on both formal and informal bases (e.g.,
VTCs, web-based bulletin/chat boards, etc.)

Bosing should utilize the HB Mission Support Room for the next shuttle mission, with
incumbent personnel “shadowing” to provide oversight

Regular and ongoing training opportunities should be developed for new employees
and provided by the incumbents.

Boeing's plan for additional transitions to HOU should be reviewed to provide for
standardized knowledge capture, risk management, systematic training, and evaluation
of proficiency. Further, the process for selecting new hires and in-house transfers
should be scrutinized for requisite critical skills, quality, and experience.

USA should underwrite costs for the complete Boeing Shuttle OPS Support transition
skills evaluation, knowledge capture, risk management, remediation training,

incumbent mentoring, exit-criteria, and follow-on risk assessment.

[
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Budget and Finance Considerations

Action / Issue: Budget and Finance Considerations
Influence Shuttle Program Performance
Background / Facts:

— Cost pressure may adversely influence mission success
at USA and sub-contractors as 1SS cost overruns take
greater share of NASA budget

— Reduction at NASA funded level would be distributed to
program based on NASA priorities. Cost growth in other
priority programs could negatively affect funding on the
SFOC and other SSP contracts.

Findings:

— Committee reports, new media, etc. indicate extensive

cost growth on ISS

[Preeraer M3 Contracting | % FINAL [*=  1ore -

+ Group Recommendation:

Budget and Finance Considerations

— NASA should accelerate move to full cost accounting of the Space
Shuttle Program in order to provide the adequate future funding in
NASA and Centers’ budget

Prsamer |3 Contracting | % FINAL

SSP Budget

.

Human Space Flight is approx 40% of NASA budget

Shuttle Budget History

Shuttle Program Budget History

5000 /Pmluﬂmu&wmqw:
= Space Shuttle is half of human space flight Budget 500 @&‘nwcpmmgwr-
S~ Appropriated by Congress
 No recent large congressional cuts &'
w
+ FY2001 necessary to redirect advanced areas to address cost and ED =
program management needs of the ISS -
2500
o 1980 1981 1992 1963 1904 1965 16068 1907 109608 1940 2000 2001 zmz.
Budget Year
Frv MaConwractng [ FNAL__[*= 3oro [Eiaae [rroemer_MsiConracting [ _FinaL = 2ot [EESeE
Shuttle Budget History SSP Budget
+ 2002 reduced $50mil Cumulative Budget Reductions
* 2001 reduced $40mil for Mars initiative
+ 2000 earmark of $40mil transfer to 1SS $800 1
* 1999 reduced $31mil w $600 /"'
s
+ 1998 transferred $50mil to 1SS 2 3400
+ 1997 transferred $190mil to 1SS 2 cu00 /
-
* 1996 reduced $53mil; transferred $30mil to ISS @
* 1995 general reduction $168 to Human Space Flight 1005 1006 1987 1908 1803 2000 2001 2002
Fiscal Year

Presaner 3 Contracting | P FINAL YT “
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Contracting Issues
Non-SFOC Contracts

+ Action/lIssue: Non-SFOC Contracts “evolve” to shift emphasis
away from cost savings

+ Background / Facts:

— MSFC has contract cognizance over Space Shuttle element

contracts that are not part of the SFOC
+ Findings:

— MSFC evaluates whether contractor headcount had been reduced
to minimum safe level and whether continued personnel reductions
would have a negative rather than a positive effect

— ATK Thiokol Propulsion has been Reusable Solid Rocket Booster
(RSRM) supplier since 1974

— Contracts from Buy 1 to Buy 4 included cost savings share line,
allowing Thiokol to share in any savings below target cost

— Current buy, while including a 1% incentive fee at target cost,
contains no incentive for underrun

[Prosenser” M3 Contracting | = FINAL

= o]

Contracting Issues
Non-SFOC Contracts

» Group Recommendation:

— NASA JSC should examine removing cost savings
incentives from SFOC

[Presemer “W3/Contracting [ FiNAL

= ]

Fee Structures of Non-SFOC

Issue: SFOC was planned to include other “element” contracts as
Phase 2

* Only SRB added (1998)

+ Elements not included in SFOC
— External Tank (ET)
— Space Shuttle Main Engine (SSME)
— Reusable Solid Rocket Motor (RSRM)

[Preserser “i3/Contracting [P FINAL

Non-SFOC:External Tank

Michoud Assembly Facility (GOCO) operated by Lockheed Martin

+ Estimated Cost (ET Production): $2.06 B

Estimated Fees: $134.4 M (Incentive, Employee Motivation, Award)

= 3una- P 3 Conracting | FINAL e ams-
ET ET Production Award Fee
= Quality Performance 70%
— Subcriteria: Quality of hardware; problem reporting/resolution;
hardware performance; safety performance
* Management Performance 30%
— Subcriteria: Project management; flight support; contract
management
[Pesaries M3/ Contracting [ B FINAL = 5o [EGH]
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ET Award Fee

ET Production Award Fee

Rating

Mar-01 Sep-01
Rating Period

Mar-02 Sep-02

[Pressmsr " M3/Conuracting [ FINAL

El

rod Amount Earned Amount | Earned
Availgble | Percor |
tober 1, 2000 - March 37, 2001 51,490,664 $1.970803 | 91.40%
pril 1. 2001 - September 30, 2001 52,483,361 $2,202,138 88.30%
[Ocicber 1, 2001 - Wareh 31, 2002 Sa.475108 3070803 | 03.60%
[April 1, 2002 - Soptemiber 30, 2002 52206200 | 9L00%
Total $8,764.805 58,340,022 91.55%
MAF & Award Fes Pools
Pariod Amount Eamed Amount | Eamned
Available Percont
[October 1, 2000 - March 31, 2001 $345,327 533 822 96,80%
i 1, 2001 - Saptember 30, 2001 $485,448 81,061 %1%
Tcbar 1. 2001 - March 31, 2002 658,118 645,544 6.00%
iz PR P
82251228 32,158,382 B0
B02063 — “Imple mentation of Friction Stir Welding™ Award Fes Pools
Per ‘Earmed Amaunt
Avallable
Wiy 1, 2000 - Waicn 31, 2001 T 321 1308
[Apeil 1, 2007 - September 30, 2001 267,000 268,755
tober 1, 2001 - Mareh 31, 2002 %128,000 174,078
1, 2002 - September 30, 2002 Sizg |
Tolal $852,905 $780,047

Presseat M3 iContracting | FINAL

Non-SFOC: Space Shuttle Main Engine

Contractor: Boeing (formerly Rockwell/Rocketdyne)
Current Contract Thru December 2003
Estimated Total Cost: $1.04 B

Estimated Fees: $123.6M (fixed, incentive,award)

SSME

— 12% of cost
[Pressmr W Contracting | O™ FINAL S g of 18 _ Prearier (i3 Contracting | ™ FINAL | 1UW-
SSME Award Fee SSME Award Fee History
» Management performance : 30%
Evaluation Avall. Award Dollars | Dollars Not | Overall
Period Start Date End Date Fee Dollars Eamed Earned Score J
« Flight support: 40% e L . ;-
i Cwiisz a0z | SARET | $01602 . 5906852 | 81.20%
2 o2 ez $4,773,004 . $445,100  91.40%
. i s . 3 11103 63003 $5,370,488 e
Safety, Reliability, QA: 30% i S T
5 111704 6/30/04
[} Ti/04 12131104
= Current Rating: 7 105 si30/08
— June 2002: 81.2 : Iﬁﬁi b’?&?&?
— December 2002: 91.4 B L SO L]

S

Psacit M3/ Contracting | 2 FINAL
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SSME Award Fee (prior)

Fee Ratings

Reusable Solid Rocket Motor (RSRM)

ATK THIOKOL PROPULSION HAS BEEN RSRM SUPPLIER SINCE
1974

Current Contract value: $2.34 B

- Fee: 15%
1 2 3 4 5 6 7 8 9 10 11 12
Rating Period
Presant 3 Contracting | *  FINAL S 130118 n Prevemier \13/Contracting | " FINAL swde unnam
RSRM RSRM Award Fee
é + Performance Management 50%

[Presesinc pf3iCantracting | FINAL

= oo T

— Subcriteria: Flight Support; Budget Management; Contract
Management

Safety, Reliability and QA 50%

Presensn \j3/Contracting | ™ FINAL

= o |

RSRM Award Fee History

RSRM Scorings

Score

MAR SEP00 MAR SEP01 MAR SEP(02
00 01 02

Award Fee Period

Presanar M3 Gontracting | P FINAL

= o ]

RSRM Award Fee History

Evaluation | Avail. Award| Dollars | Dollars Not | Overall
Period Start Date EndDate | FeeDollars| Eamed | Earned | Score
1 100198 03300 521,013,756 | $18912,380 $2,101,376 . 90.0%
2 04/01/00 0X30/00  §9,711,956 - 38,381,418 $1,330,538 86.3%
3 1001100 0301 §15142,213 © $13TT9.414 $1,362,799 . 91.0%
4 04/01/01 030001 $16,600,226 © $14,236,763  $2,453,463 ° 85.3%
5 ot 033102 $14,234,638 | $13,584,079  3640,550 . 95.5%
[ 04/01/02 0330/02  $14,032,556 | 512,909,862 $1,122,604 92.0%

I _.03731/03 | $16,905,169 :

_09/30/03 - §17,204,304
0331/04 | 513,381,973 °
03/30/04 $11,838,699 .
0331705 510,169,653
09030/05 56,914,057
0331/06 52,237,675

- 0330/06 §1,001,7115

15 100406 0531007 . $T50578 -

a3 Contracting | ™ FINAL
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+ Action/Issue: Foam Application Process not specified as

+ Background / Facts:

Contracting Issues
External Tank

contractual requirement

— External Tank Contract NAS8-00016 does not specify the
application process to be used by Lockheed Martin Michoud
Assembly Facility for the External Tank

Findings:

— ET Statement of Work (SOW) as included in the contract imposes
the ET end Item Specification, CM02 and materials Process Control
Plan as Type 1 documents.

— Items below SE 16 level include engineering drawings, product
processes and manufacturing plan (MPP)

— NASA and DCMA are to review any changes the contractor that
affect form, fit or function

" M3Conracing [ ™ FINAL [F= o7 [

.

Contracting Issues
External Tank

Group Recommendation:
— NASA MSFC should consider specifying the ET Foam application
pracess in the contract End Item Specification to maintain
consistent control of the process

Contracting Issues
External Tank

Contractual Flow Down for TPS Requirements tof 1
Statement Muter]
External Tank ET End Item 7 vy
P b Of Work From |} = i Processes
S Contracts Specification] Control Plan
NASS-36200 Seetion J-1 Ildemtifies alt Specifies all
™ Buy) Identifies Controlling Technical Materials und
ET-61 thru EY-121 Typet Requirements ‘Processes for
Ducronents for the ET building the ET
NASS-00016 * to include TPS
™ Buy) Impeses additonal
ET-122 thru ET-186 bl e
U

= e = T o

Contracting Issues
External Tank

NASS-00016

i
i
i

_ GhBuy
B2 dmise

-
[ -
i 2

 Stalement of Work |
 (Section J-1 of Contracty !

ot Conracting | °™  FINAL Sice vau

Contracting Issues
External Tank

SSP Docnments | Lovel B Socxificancss,
| Seandant, JCT5 wind e |
1 ks
i
SRRSO |
s Sl
ET Prime e ]
Document

CMI wentifies adi the
tethosul rpsireiments that
are pertinert o e ET. This
Socumen coptuins a cross
sefense museix s idewtify
e NSTS 67790 Vodens X

TequA el and if's
appiicaric EIS racagraph

T M3Coniracting |

Contracting Issues
External Tank

::zm"_ CM2 is 2 Type | Docament. AB changes, smast be sgsproved
byt ET Project Manger aod the Contmacting Offcr prioe
-y Son. A Prefiminary Specilication Change
Neaice (PSCN) is drafied and submitied 10 NASA 7 jurt o 2
| Change Somaary. “Clean Up” PSCNs ane seibmited
| 1o corect 3 s ot wks
E ey, s welll s climimate sudaed wd imcievant
i nfermution.
i
i
'_‘&iﬁt.“"ﬁ MPMCET-SE16 5 also s Type | Docomens, A changes to
ET Mueriaignd. | B : st also b2 p the NASA ET
Subordinare Paicesics hapn_ L!l:'r- A Prefrresmary Druwing Change Nodioe
Docrument o (PDONYis dradied ared survastied s port o 4 Chge
eot¥len | Swosery.
Spevitics alf the
wsieriait amd
provesses for
budding ibe ET.

[reme paconpacing 1o FINAL e aunm
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Contracting Issues
External Tank

|
Engineering Process |
| Specificutions 18T1) *I
i

T
R

{ 1
- Enginecring | Productios Proosss ;
W Druwings Datatrase (PPIR

i
A SRR

Mansfacturing
Process Plans
TMPP)

105 amd STEs are peovided 1 the MASA techitheal commanits duiay the chaope summ e s, New
ST sl STE st be apprived By NASA prior o mplemeststion in $516. Revisions & ST ml STFs
e conrtingicd with NASA.

MFPs prow ke fabtication i tons. They may inche procoecs cescrbing a8 sswste otig opestons,
operionad s oifs snd dita seconding or may sl provide goocral (UK R <pruBs
procezaes with limited da roconling o minimal by ofts. Buy offs irclode Froduction, Fredction
Asrugance. o Government hispection Agency (GIA) and vy ichud inypection of Critical s Lis e

S 3iConiracing |0 FINAL [~ 7o7 [oiaee]

e
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+ Action/Issue: External Tank used on STS-107 not subject to

+ Background / Facts:

+ Findings:

Contracting Issues
External Tank

Catastrophic Loss Penalty Clause

— External Tank 93 was delivered in 2000 under MSFC contract.
Tank was held by the Government until needed

— Current buy for Tanks ET-122 through ET-156 contains a
catastrophic loss penalty clause

— Category 1 Failure, death of crew or loss of orbiter: $10M

— Category 2 Failure, mission failure: $5M

— Contract NAS 8-00016 was awarded September , 1999 for
production of 35 tanks

Pressmt 3 Contracting | ™ FINAL S wu-
20

+ Findings (con't):

Contracting Issues
External Tank

— In negotiation, Lockheed Martin wanted fee raised considerably
before accepting a catastrophic loss penalty

— MSFC decided benefit of including the clause did not support the
cost of the additional

Group Recommendation:

— Should NASA determine ET contractor culpability, complete
contract review should be accomplished to identify whether other
provisions exist in prior contracts to assign penalties or fee
forfeitures

Presarat i3 Contracting | P FINAL Alde z:u‘

RSRM Loss Provisions

= Fee reduction for loss of crew, vehicle or mission
= Category | failure

— Incident directly attributable to an RSRM

— Results in loss of life or vehicle

— Forfeiture of $10M plus all fee earned or available
during award fee period in which loss occurs

= Category Il failure
— Incident directly attributable to an RSRM
— Results in loss of mission

— Forfeiture of $5M plus all fee earned or available during
award fee period in which loss occurs

[Prosanier M3/ Contracting | o FINAL = 3ot [l

SSME Loss Provisions

Fee reduction for loss of crew, vehicle or mission
— Category | failure

— Incident directly attributable to an SSME

— Results in loss of life or vehicle

— Forfeiture of $10M plus all fee earned or available during award fee period
in which loss occurs

Category |l failure

Incident directly attributable to an SSME

— Results in loss of mission

— Forfeiture of $5M

— Category | and Il failures to be determined by a failure investigation board
per NMI 8621.1

If failure determined to be both category | and II, only category | penalties
shall be applied

I

Preanat 113 Contracting | FINAL . AurA-
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SRB Under SFOC

= Action / Issue:increased pressure to decrease costs on the Solid
Rocket Booster (SRB) portion of SFOC may have detrimental effects
on SRB technical issues

+ Background / Facts:

— SRB was not originally part of the SFOC, but was added in 1998.
Itis currently the sole Space Shuttle hardware element included in
the SFOC, The External Tank, Space Shuttle Main Engine, and
Reusable Solid Rocket Motor are each covered by separate
contracts with their own incentive plans.

« Findings:

— SRB is weighted at 10% of SFOC Award Fee rating.

— USBI achieved significant cost savings under the predecessor
SRB contract, declaring an underrun of $46 Million though 1999.

[Presemmr " Ma/Cantracting [P FINAL [s 1oz

SRB Under SFOC

— Savings are implemented by the reduction in manpower, but
without specific identification about which (unnecessary) tasks
were eliminated or efficiencies achieved.

* Group Recommendation:

- JSC should examine whether some elements should be excluded
from contract cost savings incentives

Prsamar \3Contracting [ 2% FINAL B o2 n
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Space Shuttle Operations Contract

Action / Issue: SFOC award fees, incentive fees, performance fees,
and cost limitations may affect the profitability of the contract
Background / Facts:
— SFOC is susceptible to funding limitations
— Reduction at NASA funded level would be distributed to program
based on NASA priorities. Cost growth in other priority programs
could negatively affect funding on the SFOC and other SSP
contracts.
— Using commercial business practices can reduce cost and provide
increase profit incentives for cost reduction and performance
Findings:
— Fee Structure (see following slides)
Group Recommendation:
— NASA should review contract history to evaluate whether fee plan is
rewarding cost savings at expense of performance

[Pressnisr “Mi3/Contracting [ 2% FINAL

= o]

Space Shuttle Operations Contract
Fee Structure

[Presaris \g3/Contracting [ 0% FINAL

SFOC Performance Fee Plan

Performance Fee Incentive Criteria

Earned Performance Fee

il [ Lanarg,

I.,"-.q:'_. Lounch’ Wi o m
287 Mamen " S snm
Tom 429 F S075  wcmry

Prcanit (i3 Contracting | P FINAL si 30{14n

.

SFOC Performance Fees

Available fee: $6Million (STS 80 — STS 91); $6.8Million (STS 95
STS 110)
Total earned over 31 flights: $190 million
Fees forfeited:
- $1M STS 80 (OV-102), January 1997 (challenged by
USA resolved September 1997)
= In Flight anomaly (IFA), inability to accomplish major mission
objectives
—  $1M STS 92 (OV-103) September, 2000
+  24-hour launch delay

[Pressanmp3iContracting [®  FINAL

=

SFOC Performance Fees

Fee Not Earned (cont)
— $2.87M STS 103 (OV-103): January 2000

+ Missed manifest launch date by more than 7 days - due to
workmanship damage to wiring

— $2,87M STS 99 (OV-105): March 2000
+ Workmanship damage to wiring
— $2.879 STS 101 (OV-104): June 2000
* Workmanship damage to wiring
— $1.435M STS 109 (OV-102) May 2002
+ Missed manifest date, ready for launch criteria not met

Presamr 3 Contracting | P FINAL

=

Performance Fees Earned

MISSION

000,
81834 000,
S1587 000,000
s1560 000,000
E18eq £ .000.
BT 36,000,000
s1308 595,000
S1568 895,000
87558 895.000.
ST8 8L 895,001
- $T8:1 025,000
STS. 34025000
TS0 4,025,000
8180 36,896,000 _ ;.
ST $5.895.000
£15- 5,396,000
STS. 6,206,000
£15-1 A95.000.
C5T5: 695,000
ST15 754,896,000
TS, L
460,000
895,000 H
585,000
56,896,000

Prssnier 13/Contracting | ™ FINAL
—
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Award Fee

Six-month periods

Scores range from 0-100, reflect per cent of available fee

Fee Determining Official (FDO) signs the performance determination
Safety Score and Performance Score

Contracting Officer's Technical Representative (COTR) recommends
based on input from Performance Evaluation Board

= Performance Evaluation Team (PET) rates USA on 13 functional

Provaner M3/Contracting | P FINAL e 7nf14_

Award Fee

areas.

Technical Management Representatives (TMR) provide numerical
evaluations on areas of emphasis

Identify Strengths and Weaknesses

[preemwr_wiaiComtracting o FINAL o 5o 14 [

SFOC Award Fee

B Earned
B Available

[Presemer “M3iContracting [ FINAL Side g of 14 -

SFOC Award Fee History

EVALUATION | START | ENDDATE | AvAILABLE | DOLLARS | DoLLARS
reRcD . AWARDFEE | EARMED | NOT EARNEN
i siitanr | 52200 00] " $19,28a,000] 43712 oo
CrnTeT | Sus oot des| $22:920.9%5] 5.
) ST 7 T EEREE)
) I TP W A I
T TETE08 | GAT9e | 390,906 402 ED
3 e | aaorians L3i) £ 52645 087
7 EITRTEE7 N IS I S0 N P T
AT | 99072000 327 73k 5.
a0 | Itz ] 06| §23415781] 53496510
[ AT | SN0l | $e 915 116 §27 308 307] i
T 102001 | 90rzoa 7,365, 713 5075
H HELE) 7 073.004] _§38774 999] 2 796,423
3 o200 | et e 41,210,518
4 A7) | wo0r2t03 | 61,906, 068]
B TO7172003 | 302008 542,102,201
o Tr2004 | Sra0ra00_| T78,018)
o208 | W0rz0s | we, 169]
RIELC N WL
172005 | 302006 FECAT
T
T011/2006 | 3072007 1)
12007 | 6301007 | B,
o 7.9
BTAL eTs T ze| ST TEIT 70|

Preveninr 43 Contracting | P FINAL Side 100114-

SFOC TMR Ratings

B KSC Launch and
Landing

mSSP Eng

Budget Per Cent

o

= MOD

W Logistics

ESRB

W Sys Int

@ Avionics/Software

@ Station Ops

@SSP Business

OSSP P&AMA
[Pressmm pajContracting [ ® FINAL [0 1101 14

Boeing Subcontract to SFOC

Boeing subcontract makes up largest share of SFOC
Subcontract value is $2.3 B
- Cost of $2.1B
— Fees total $197.4M
Award fee plan mirrors SFOC
Award fees scores track to within 5% of SFOC score by agreement

[Prsamier “M3Contracting [ 2 FINAL 12 0f 14 n

RerPoORT VoLumE V OcTtoBer 2003




COLUMBIA

ACCIDENT INVESTIGATION BOARD

USA Proprietary Information USA Proprietary Information
Not for Release Not for Release

Boeing Boeing

Safety Score By Evaluation Period

Overall Score By Evaluation Period

100

o 2o B @

20
80
70 1
60 7
50 -
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5§ 6 7 8 9 10 11 12
[Presemmr "Mi3iGontracting [P FINAL [ a0 FEie [Frerre_M3iContracting [oe= _ FiNAL [3% 140114
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Contracting Issues
SFOC

Action | Issue: Technical Management Representatives score
weightings may hide substandard performance on contract
requirements

Background / Facts:

— Each Technical Management Representative (TMR) assigns USA a
performance grade in each of 6 areas. TMR Scores are weighted
based on an individual share of the budget

— Weighted scores are totaled to provide recommended score

Findings:

— 13 TMRs rate contractor performance every 6 months

— Weighted scores become the recommendation to the PEB

— Weights of TMRs on small share elements “disappear” when
summary number produced

[Presseime " \i3/Contracting | ™ FINAL S 1oi5 _

SFOC TMR Weighted Ratings

Group Recommendation:

— NASA should review low ratings regardiess of budget weights;
consider assigning award fee pools to each TMR to reward

performance in each area rather than aggregate.

Pressrmr 3 Contracting | ® FINAL s

TMR Weighted scoring

KSC Launch and landing: 27.96%
SSP vehicle engineering: 17.67%
MOD: 14.47%
Integrated Logistics: 12.03%
Solid Rocket Booster: 9.26%
SSP SYS INT 6.99%
Avionics and Software 5.48%
Station Ops and Util 2.69%
SP Business 89%
SSP S&MA 1.09%
Management Int 0.38%
FCOD 0.27%

Prsemer h13Contracting | O™ FINAL e surs_

TMR Scores

TMR Scores

Fee Score

—— System’s Integration
Vehicle Engineering
—— FDO Delerminations

Fee Period

[Presemr M3 Contracting [P FiNAL s 5ors [Giaedl

SFOC TMR Weighted Ratings

KSC Launch and Landing weighted at 30%
Vehicle Engineering weighted at 17%

System Integration weighted at 6.5%

Safety and Mission Assurance weighted at 1.1%

Reinforces commitment to meeting manifest

Prasrr \i3/Contracting | ™ FINAL e
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USA Employee Benefits

Action / Issue:
Potential “Substandard” United Space Alliance (USA)
Benefits package May Impact Workforce Retention,
Quality, and Morale
Background / Facts:
— USA’s employee benefit package is viewed by some as
as being below aerospace industry average.
— Defense Contract Audit Agency (DCAA) conducted
audits of several areas of compensation including:
» Compensation System Internal Controls
* Fringe Benefits
» Health Care Cost

[Prsemar p3icontracting [ 2 FINAL ik of 3 -

.

USA Benefits

— Federal Acquisition Regulations (FAR) directs that compensation
be considered sum of ALL pay and benefits, rather than Pay OR
Benefits separately

Group Recommendation:

— Perception of poor benefits may be in comparison with heritage
aircraft industries (Lockheed; Boeing) where large hourly labor
force historically drives generous benefits packages. There is no
support to the suspected issue and it should be disposed of.

Pressniae 3/ Contracting | P FINAL s ams_
N,

USA Benefits

Compared to Chamber of Commerce Study of companies with
over 5,000 employees, USA is excessively generous

Industry-wide healthcare company contribution 83%; employee
contribution 17%

Watson Wyatt survey of comparable companies: company
contribution 86%; employee contribution 14%

USA pays 92% of employee healthcare costs

Also, excessive Paid Time Off (PTO) not charged as leave

At least one more paid Holiday than average

DCAA suggested that USA could save $12 million annually by
REDUCING benefits to comparable average

Prsanar 3 Contracting | O FINAL Side 20{3-
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