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SUMMARY

, :
. 1
)

This report describes the: frst phase of a study designed to improve the
anagement and the safety of the black tiles of the Space Shume orbiter. This study
is based on the coupling of a probabilistic risk assessment (PRA) model and relevant

‘ orgamzatnonal factors. In this first-phase report, a first-order PRA model is develc:pedi

and used to design a risk-based criticality scale combining the probabllmes and the

_consequences of tile failures. This scale can then be used to set priorities for the

maintenance and gradual replacement of the black tiles.

A risk-criticality index is assessed for each tile based on its contribution to the
probability of loss of the vehicle. This index reflécts the loads to which each tile'is
subjected (heat, vibrations, debris impacts etc.) and the dependencies among
failures of adjacent tiles. It also includes the botential decrease of tile capacity
caused by imperfect processing (e.g., @ weak bond), and the criticality of subsystems
exposed to extreme hea!l loads at re-entry in case of tile failure and burn-through. .

5ing this model and some preliminary data, it is found that the (mean) probability of
loss of an orbiter due to failure of the black tiles Is in the order of 10° -3 per flight, with
abiout 15% of the tiles accounting for 80% of the dsk. One of the reports key findings
is that not all the most fisk-critical tiles are in the hoftest areas of the orblter's surface;

scme are in zones of highest functional criticality (see Figure 23).

Management factors that can affect tile safety are identified as: (1) time
przssures that increase the probability of cutting corners in processang, (2) liability
cancerns and conflicts among contractors, which affect the flow of information; (3) the
low status of the tile work and the turnover among tile technicians, which may
increase the work load and decrease its quality; (4) the need for more random testing
ic detect imperfect bonds and to moniter the evolution of the system over time; and
(5) the handling of the external tank and the sofid rocket boosters whose insulations

consmute a major source of the debris that could hit the tiles at take-off.
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! : : : l . oy
Safety of the Thermal Protection System of the Space Shuttle Orbiter:
Quantitative Analysis and Organizational Factors
g !
' _, Phase 1:
Risk-based priority scale and preliminar rvation
' ! ' ! ll :
: 'Ir 1 .
| Section 1: A .
'+ INTRODUCTION

The Natzonal Aeronautics and Space Admnmstratnon (NASA) manages many
aspecis of the Space Shuttle Orbiter program. under tight resource constraints: tlme ‘
money, human resources, personnel and managemems attention, etc. The

miaintenance of the orbners Thermal Protectlon System (TPS) is an. exampie of

operations that must reckon with these limitations, The processing of the tiles

Abitween flights is iabor intensive and time consummg anc because it is onen on ine
critical path to the next Iaunch the work has to-be done under sometlmes severe
time constraints. Although great attention is dedicated to the tnIe work, ns quahty is
ot casmnalfy affected by this demandmg schedule. The umportance of the tiles varies
-aocording to their location on the orbiter's surface Over some areas of the orbiter's
surface, several tiles could be lcst without causing major damage or risking the hves
of the ¢crew; in other areas, the loss of a single tile could be catastrophic. This report
"shows that the contributions of different tiles to the overall probability of failure
(defined hers as “risk-criticality”) vary widely according to their locations on the
orbiter's surface. A large percentage of the probability of loss of vehicle (LOV) due to
failure of the orbiter's TPS can be attributed to a small fraction of the tiles. Because
thezre will always be resource constraints, sem'n_(;v priorities is a first critical step
towards ensuring that the most risk-critical 1lles receive maximum care and quality

contro! so as to minimize the probability of failure.
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The Ieve! of risk-criticality of a tile depends on several factors and not
excluswely on the maximum heat load (temperature and duratlon) to which it is
subjected. These factors include: (1) the heat loads, (2) the location of the tile with

respect 10 possible trajectories of debris (e.g., pieces of insulation from the external !

tank (ET) and the solid rocke! boosters (SRBS)) (3) the wbratlons and aercdynamic’
farces, and (4) the criticality of the subsystems located direct!y under the aluminum
| skin of the orbiter. Failure of a single tile located directly over one of the most critical
“systems (suph as the avionics, fuel cells, or hyd'raulic Iinésr:) is Tikely to cause a LOV
even though these tiles are not exposed 1o the maximum heat loads. By contrast,

sivere tile damage next to the edge of a wing has been survived in past missions. '

Therefore, the loads and consequence factors must be combined 1o estimate the
probability of failure and to determine the risk-criticality of each tile. o

_ A tile falls because the loads on it reach values that exceed_lits capacity.
Understanding both factors, loads and capacities, is thus critical 1o the quamiﬁcation'
of the risk associated with the TPS. The capacities vary -considerably among
individual tiles because of differences in installation conditions and procedures. For
example, mspechons have shown that several tiles have been mstalled with bonding
on 10% only of the contact surface. In addition, the capacities of some tiles have
decreased over time because of chemical reactions of the bond with some of the
water proofing agents used on the orbiter. Similarly, the lcads on the tiles are not
uniform. In addition to expected loads of heat, vibrations, and aerodynamlc forces a
tile may also be subjected to unexpected loads caused by debris impacts. The
source of most of the debris is poorly-installed and maintained insulatioq on the ET
and the SRBs. Therefore, both loads and capacities can be greatly atfected by a

virety of possible human errors.

Some of these errors can be traced back to weak organizational
communications, misguided incentives, and resource constraints, which in turn, can
te linked to the rules, the structures, and the culture of the organization (Paté-Cornell
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ard Bea, 1989; Paté-Cornell, 1930). Efficiency ot the risk management process for
th'- TPS requires an mtegrated approach (Nanonal Research Council, 1888.)
Consndermg only organizational sclutions or only technical solunons to minimize the'
risk of failure would be counterproductwe and wasteful. Furthermore, each individual
system cannot be evaluated and managed mdependentiy The periorrnance of the
E‘l and SRBs affects the rehabmty of the tJIes Wthh in turn, affects the performance
of the subsystems that they protect from heat Ioads Therefore, wf-xen setting
pnormes the management teams for the ET and SRBs must account for the potential
detrtmenta! S|de effects of their procedures on the orbners TPS. By tracing back,
even roughly, the location of the insulation on the ET and SRBs that could hit the

most risk-critical spots on the orbiter's surfacs ut may be posmble to identify the spots

1hat should be given top priority. '

v
!

1L Qb[egtlygg of the gverall project !

The objective of this study i is to provide recommenda’uons to improve the tiles
menagement at Kennedy Space Center (KSC) Fionda, based on the development
ang extension of a Probabllistic Risk Analysis model (PRA) for the TPS of the Space
Shuttle Orbiter with emphasus on the black tiles. The approach is 10 snolude in the
analysis not only technical aspects. that are captured by classical PRA (for example,
resistance of the tiles to debris impact), but also the process of tile maintenance (for
instance, when and how are the {iles tested) and the organizational procedures and
rulzs that determine this process (see Appendix 1: Paté-Cornell, 1989.) The question
is whether these organizational factors aﬂec:t the reliability of the tiles, and if they do,
toc what extent. Linking the PRA inputs to some aspects of the process and the
orqamzahon allows addressing the often-raised question that PRA, although it
captures human errors, is of little help when consu!ermg more fundamental

m.e.nagena! and -orgamzat;onal, problems. This model is designed to allow
maenagement to set priorities in the allocaticn of limited resources in a continuous
effort to improve the reliabflity of the Space Shuttle. The method thus allows for a
global approach 1o risk management, involving technical as wsli as organizational
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lmprovements while accounting for the uncertainties about the systemn's properties.
and human periormance. In cases whera the probiem is sufflcnently well defined,
ohe can then assess (even If only coarsely) the corresponding increase of reliability.

1

Uncentainties about the performance of a complex sys:iém‘ such as the TPS of -

the Space Shuttle can be first described by its probability of fallure (first-level .
uncertamtaes) When computing this probability, one faces 'uncentainties about the
probabilities, of the basic events including technical faiiures, of individual components
and human errors. These uncartaintnes can be described by placing probability

distributions on the inputs, then computing the resuhmg unceftainty of the overall '
fzilure probability (second-level uncertalnhes). The role and importance of these
second-level uncentainties depend on the intended use of the study. PRA can
ginerally support two types of decisions: (1) whether or not & system is safe enough
fcr operation on the basis of a chosen safety threshold or other acceptance critaria
and (2) (the main objective of this study) how to allocate scarce resources among
different subsystems on the basis of risk- based priorities in order to achieve
maximum overall safety. The depth of the supporting risk analysis must be adapted

¢ the decision to be made.

In the first type of decision, where one is trying to decide if a system is safe
enough it is Important to describe the result of the risk assessment not only by a
point estimate of the failure probability but by a full distribution ot this probabxhly
refiecting ali the uncerlainties of the input values. Second-order uncertainties, which
are pamcularly critical for repeated operations, become important because they give
the decision makers an indication of the accuracy of the analysis. A ditferent launch
alternative may be preferred if, for example, the mean probability of mission fajlure is
loss than one in a thousand but can take values as high as one In fifty. Note
however that the overall fallure probability per operation is the mean of that.

distribution.
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In the second type of decision, where the objectwe is an optimal allocation ot
_ re%ources the priority ranking has to be based on a single pomt estimate for the
prc:babiltty of failure. For opnmalny reasons the mean of the distribution of the failure
probabihty is the relevant characteristic. In this case crmcal factors are, first, the | ,
relanve values of the probabilities of mission fallure assocnated with failure of each
component and second the variations of these relative probabllmes wnh addmonal :
umts of’ resources (e. g.. tlme) The combinahon of these two factors then aliows
giving priority to the components for which more resources will bring the gréatest

: increase of safety.

o In thxs study, we construct ﬂrst a prsomy scale for the b!ack tiles based on our

current estimates of the means of the partial fanure probabilities, i.e, the mean
pr':bablhty of LOV associated with the potential 1a|rure of each tile (firs{-order PRA).
An analysis of the second-crder uncertainties may change the priorities if they.
change the means of these partial failure probabilities. Across subsystems (e.g., tiles
| versus main engines), the uncertainty of the failure probabilities may vary wzdely
bec.ause the failure modes. invelve a spectrum of basic events whose probab:lmes
anz known with different degrees of uncertainty. In this case, full analysis of
-uncentainties may well change the means themselves and the optlmal resource
- all ncanon _Within a given subsystem, such as the mes the inputs of the analysis for
the different elements (e g., the initiating events) are generally of similar nature and
the variations of uncenainties may be less imporant. Yet, uncertainties about

exireme values of the heat loads clearly vary ‘according to the location of a tile on the
'Furthermore, the probabilities of failure (and associated

" orbiter's surface.
unzenainties) of the subsystems located directly under the skin given a loss of tile(s)

and burn-through vary widely. Further study should therefere investigate the effect of -
: : |

second-order uncentainties to determine their impact on the resource allocation. P

Our work on this problem is divided into two separate phases. The first
phizse, which is presented in this repor, involves the development and lllustration of

T ety me S emw n
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a first-order PRA model for the black tiles of the TPS based on 'a probabilistic
analysis of differeht failure scénarios’. In this 'a\n'afysis, we use mean probabilities to
construct a risk-criticality estimate for cach tile and 10 establish a scale of priorities for
rnanagement purposes. Key features of this model are the dependencies of failures
among adjacem tiles, and between failures of tiles in specific TPS zones and faijures

of the subsystems Iocated in'these zones under the orbiter's aluminum skin. The -

analysis thus relies on a partitioning of the orb:ters surface (1) amo'ng zones of
 temperature, debris, and aerodynamlc loadg;, and (2) among critical system
locations. For each lile, we cbmpute a n‘sk-critfcaﬁlx factor that represents its
contribution to the overall risk of orbiter failure due to TPS failure accounting both for

loads (load-criticality) and failure consequences at the location of the tile (functional

criticality.)
, , |
The second phase of the work will involve refmement and implementation of

the modef, including (1) an analysis of (second -order) uncerainies about
probabilities in order to delermine if these uncertamtles can affect management
priorities, and (2} orgamzatlonal extensions. The orgamzahonal extensions involve
identification and evaluation of the mechanismé by which po\ential problems oceur,

are detected, and can be corrected This second phase will thus mvolva a study of .

the maintenance process, accounting for its ability to detect and correct past
mistakes (weak tiles), ensure satisfactory quality control of the current work, and track
the possibility of weakening of the TPS over time. The objective of Phase 2 will be to
identify, with the help of experts, the organizational roots of technical and human
problems and to make recommendations for possible :mprovaments The PRA
| mode! will be used to assess the relevance of these factors to the reliability of the
black tiles and the effectiveness of propesed solutions.

In this study, the PRA model is net an end in itself, but a tool designed 1o
assess specific management practices. The level of detall of the analysis is set with
this goal in mind. One key limiting factor in this effort is the unavailability ot precise

12
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values for the probabifities of failure of the subsystems localed under the orbiter's
skn condmonai on burn- through Such data woutd be the natural results of a
complete top -down PRA for the whole orbrter Because NASA has chosén to do the'
analysrs p:ecemeal and only fornselected subsystems these results have not been
generated Therefore we use expert opmrons instead of analytlcal results to assess

glchally these conditional failure probabthttes,. |

o o

1.2 Scope of 1he work In Pngﬁg 1 | |

. As stated in the proposal, the object:ves of . this first phase are: {1) to
understand the basic propemes of the tiles, (2) to sdentlfy the main experts and
estabtrsh working relationships with them, (3) to rdent:fy the main data bases and
sourees, (4) to design the Probabilistic Rrsk Assessment (PRA) model and (5) to
tdentnfy some of the relevant orgamzatronai features that affect the ret:ablhty of the
Th"rmal Protectron System (TPS) with emphasrs on the black tlles and on the
mamtenance process
SIOHA (Stanford Space Systems lntegratron and Operations Research
Applications), and in part as a separate research project (both under cooperatlve'
agreement NCCtO -0001). Under the SIORA fundmg, we 1dent|hed some
fumiamentaf zssues rnvolved in the Imkage between the rehabnhty of the black tiles
'and Various features of the orgamzatlons that partrmpate dtrectly or mdrrectly in their
'mamtenance (xncfudmg, but not exclusively, NASA at the d:ﬁerent space centers,
Lockheed Corporation, and Rockwell lnternatronal) The problem formutation was
preaented in a paper delivered at a major Probabilistic Safety Analysns conference
, _(PE;A 89) held in Pittsburgh, in 1989, |n a session chanred by Mr. B. Buchbinder

(NASA Headquarter, SRM&QA) on probabrhst:c safety assessment for space
systems. This papér won the Best Paper Award of the American Nuclear Society for

‘PSA'B9. Itis included in this report as Appendix 1.

This Phase 1 report is organized as follows:

1. . Backaround information: functioning, mainlenance, and failure history of the

.13 -

1

ThiS first phase of the pl’OjeCt was funded in part under
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tlles » . | B
2. Degcnptlon and :Ilustrat:on of ithe PBA model inputs, preliminary results

(means); sources of expertnse and data.

1,3 Gatherinq of informgtion gn hni int ; f t

The data and the relevant information used |n this study were gathered
through meetings and mformal interviews of tile _specialists, tile personnel
(Iechnxmans and mspectors) and management at Kennedy Space Center (NASA
and Lockheed Corporation), Johnson Space Cemer (NASA), and in Southern
Cahforma (Rockwell International in Downey) We conducted in pamcu!ar
extensive (although informal) interviews of tile techmc;ans lncludmg both old-timets
and riewcomers. Several of them came from Rockwell and had pamCIpated in the
initial tile installation work. They descnbed to us procedures ‘and problems and

offered suggestions.

The probability estimates were obtamed in two ways: 1requencnes of evenis
fiom official or personal records (e.g., dEbrlS hits; frequency of tile damage), and
’subjectlve assessments {e.g., probablltty of failure of the subsystems under the
orbiter skin if subjected to excessive heat loads due to a hole in the orbiter's skm)
Note that:

1. The data used here for the |llustranon of the first-order PRA model are

realistic but coarse estimates that can be rafmed in the lmplementatlon part ot

the second phase

2. Second-prder uncertainties about the probabmty estimates themselves

have not been encoded at this stage. The probability figures that are used

here represent impiicitly the means of possible probability distributions of the
probablhtles of events. Assessment of these second-order probabilities or
probability distributions for future frequencres of events (Garnck 1988) wili be

14
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part of the Implementation phase if it is judged necessary for the relevance of

"the results to management decisions. :

" For this study, the key technical points of ;onitact were the following: ,
At KSC: | ', _
° David Weber (Lockheed) o . o
_ ~ ® Frark Jones Susan Black, Carol Demes, and Joy Huff (NASA)
At JSC (NASA) '
. CJdamesA. Sr.jnf_th
.° Robert Maraia
° Carlos Ortiz .. . o o
°Raymond Gomez . o
In-:»outhern California {Rockwell, Downey) , y R

.2 B J-Sche#

- .7 Frank Daniels
° Jack McCﬁly.mqnds N
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Section 2; | ' ‘.: | R
BACKGROUND INFORMATION

2.1 t ription .5'

The designers of the thermal prot’ectién sy‘lsten'a (TPS) for the space shuttle |
hed o solve a senes of complex problems due to the wide range of environments in
which the orblter has to operate. A single- component desngn could not meet all the
necessary requirements of withstanding extreme tempgratures and vibrations while

remaining light weight and flexible and lasting for 100 mlssions. lnstead_, a complete,

integrated system was developed relying on different components to solve ditierent '

problems (Cocper and Holloway, 1981.)

!
i
'

In the highest-temperature areas, reinforced carbon carbon (RCC) is used.
This material is extremely heat resistant and able to wethstand temperatures up to
2800°F on a reusable basis and up to 3300°F for a single fiight. The' use of this
rnaterial is limited to the leading edges of the wing and the nose cone. !In areas of
the orbiter where heating rates are lower, a flexible reusable surface insulation
(FRSI) is used. This materiall is made of a silicon elastomeric coated Nomex felt,
which is heat-treated to allow using it for 100 missions at temperatures up 10 700°F,
in areas where surface temperatures are above 700°F but bslow 1500°F, advanced
flexible reusable insulation (AFRSI) is used. AFRSI is a "blanket" composition with
ane-inch stitch épacing. It consists of an outer layer of 27 mil silica "quartz” glass
fabric and of an inner layer of glass fabric ("E” glass) which encompass a silica-glass
~ felt material (microquartz, commonly called Q-fel). These materials have replaced
most of the 5,000 thin white tiles on the upper surface of the orbiters, originally
designated low temperature reusable surface insulation (LRS!). Their replacement
has reduced the complexity of the TPS at the cost of a slight weight increase (see

Figures 1 and 2.)
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The tiles that are of primary interest in this repont are ‘designated high
temperature reusable surface rnsulatron (HRSt) (see Frgure 3.) These tiles are
coated with black reaction cured glass (RCG) and are certmed for 100 misslons up to
.a maximum surface temperature of 2300°F. Approximately 20, 000 of these tiles are
“used 1o cover the bottom of the orbiter. -Among them approxrmately 17,000 have a
density of 9 pounds per cubic foot (pcf). The remalnmg 3,000 tiles are of hlgher ,
density (12 and 22 pcf). They are used in areas where higher strength is needed, ,
primarily around doors and hatches and where it is requrred by structural

deflections. The 22 pof tiles are capabte of wrthstandmg sun‘ece temperatures as

high as 2700°F without shrinkage. o ' ” o
These tiles, bemg hrohly brrttle have a stra -to fallure performance that is "

consrderably less than the alummurn skm of the orbrter tn addmon the tiles have a
much lower coefficient of thermai expansron' Therefore rf they were bonded directly
th: ceramic material to crack and fail. To protect the ceramlc matenal the sizes of |
th=' individual tiles were kept small (nornma"y 6 mches square) These numerous

- de ergned gaps allow for relative motron of the tiles as the alummum sle expands
and contracts and the substructure deforms under Ioadmg However this allowance
is not sutficient 10 protect the mtegnty ot the tlles In order io further isolate the tiles
fram local forces, a strain isolation pad (SIP) is seoured between the tiles and the
skin. The SIP is a felt pad constructed of Nomex fibers and comes in three different

thicknesses (0.09, 0.115, and 0.16 inch).

+

The tiles are bonded to the SIP and the SIP to the aluminum skin using a

room temperature vulcanizing silicon rubber adheswe (RTV- 560) in ceriain areas

where the aluminum skin is particularly rough and dlSjornted a screed or putty
In order for the SIP and tiles to vent during

filler bar strips
e aluminum

(RTV-577) is used to smooth the surface.
ascent and 1o protect the aluminum structure from gap heating,

(RTV-560 ceated heat-treated Nomex felt material) secured only to th

19

——— s - PP ~— i R
f VA N ) I =~ N Y R




Voa e

(S AP AL W R R ]

[=18)

T AX - £2ULI00IUT

NEOH UDLIN T UYL alil

il

] r——— ],- -|~ g e e b e e
TV Note . =
—— : s A A T B
, pwm |- L L cewe o - :
NS IR !
e b 1L e
-bidu il ’ . . IR . : ' \:§ ; ”‘n 613
~Xg 236
Bt
3% e, '
(K, Y i
i i‘ﬁ Q{ i
[~ Y ) ‘@' .} 1
ol
B ¥
Al f ﬁp: ]
= s aleln
n - oo, Yoe ﬁ%ﬁbﬁ
o FOREAND ATIACH PDINT (e YR I i
1] - ! ]
R XT 1102
L™ %1 ] ; [
Lol
11911 . “! ' -
WL M g : .
i 1 10047 00 l ! —i
Sia i s mcma ikt k4 -0 )
L A 5] % - l |
L] .
[ty 1T - - NIV SURUIN SRR J i s A -
gt adi gl 18] gL it AT, 1 e el R .41 Nl LY 1IN, 31 RAAL Y agibrl. My (AT
WV IH [SUE ) Rgtdd V14 Bt N LrAN gk, R Rg2il.ta0 g M8 0.6 by i tre [N T [RCIN T [P ITEN T
Figure 3: The black tiles (ail vehicles)
Source: Shutile Operational Data Book, JSC 08934 Vol. 4 - S
N i P P el - o e — -

R e T —

PYDTNY S

PRGE. 23

2823583007

'A3 13:83

FFR A5



-

¥2 " 399d LOBEESEEE - R £8:€1 £8. S8 g3d

' . : . Paté-Comell and Fischbeck

skin are plabed around each pisce of SIP. The porous tiles are allowed to vent since
“the HCG coating does not extend 10 the fifler bar. Between trles in the hotler areas
(e pproxrmate!y 4,500 locations), gap fillers are used in addition 1o the filler bars to
prevent gap heatmg damage durmg reentry. The gap flllers are secured in place

with RTV. F|gure 4 shows a typrca! black tile with all the related components '
- | 1

1

i2_-,"l’l_"if' | nm'tnn..rﬁ.n -
o 1T|mnf. 'n‘nlin"H"in‘ b

Because of the extreme envrronment in which the orbiter operates, the TPS
must be made of only the purest materials. Comammatron of the tiles durrng
fabrrcatnon could lead to farlure of the TPS well before meetmg its 100 mission
requtrement. Raw material (amorphous silica fiber) has 10 be 98. 7% pure (AW & ST,

19786). ' : '
COATING ROG

T
l ’ o TE /‘srs
~ = NN 4 FILERBAR
:4 B ;“ s :‘ ® ‘ ot Sl ' )

RTV-577 ——&

o~

[ NN

(s

RTV-560

" SHUTTLE SKIN ——p- (B2
Note: Thickness exaggerated for clanty; Screed (RTV-S??) onfy where needed

Figure 4: The tile system

The fabrication process starts with a slurry of water and 1.5 micron diameter
sillica. The water is drained and binder added. - This mixture is compres‘sed' into
blocks slightly smailer than 1 cubic foot. After the binder sets up in 3 hours, the
blncks are dried in a microwave oven. The sintering process which locks the fibers
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together requires ught heat tolerances The blocks are baked at 2,375°F for two
hours. Next, they are cut into rough tiles (four to eight per block). Tile density arid-

density gradient are verified using X-rays. Smce each tile is different, the tiles are’

trimmed to specification using autor'natad milling machines. A second quality check
assures that the tiles are fit for coating The coaﬁng is sprayed on and then glazed.
A third quality check venfies the miegrlty pf the coatmg These tiles are then

internally waterproofed wnh a silane matenal During ongmal constructkLn the tiles -

were next placed in arrays that' matched their placement on the orbner‘s surface.
Each array consisted of approximately 35 tiles. The bonoms of the arrays were then
shaved to maitch the shape of the orbiter. A fourth q‘uam\y check verified the
dimensions of randomly selected tiles from each array. All current replacement tiles

are machined individually.
.

The original installation of the tiles at time ofl construction was done an array

at a time. The SIP was first bonded to the tiles usin.g‘ RTV, while a lattice of filler bars
were bonded to the orbrter After these bonds had set, the entire array was bonded
to the orbiter. Difficulty arose in allgmng the tales/SIP array with the grid of filler bars.
If the tile/SIP arrey is pama!ly restlng on the filler bars mstead of dlrectly to the
orbiter's skin, the strength of the TPS bond is greatly reduced. The arrays are held
in place with 2-3 psi pressure while the RTV. dnes Bonds are verified using a pull
te:st on each tile. The strength of each test varies based on the location of the tile and
the expected in-flight loading (2 to 13 psi). Once a tile has passed this initial pull test,
it is unlikely that it will be checked again during its life cycle of 100 flights unless an

anomaly is detected,

Flight prgfile loadin :
During a typicai mission, the tiles are subjected to 2 wide range of ioads and
temperatures. These must be considered in order to determine the limitations and
life cycle of the TPS. The description below summari;es a report by Cooper and

Holloway (1981).
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Ignition of the orbiter's main engmes creates an oscillatory pressure wave
that loads the tiles in the aft regron of the orbrter- Though strong, this wave should
deimpen rapidly. In addition, acoustic pressure created by the engines can drrecﬂy-
lozd the tiles and the aluminum skin. Any motion of the aluminum will, in turn, cause
inzrtial pressure on the TPS. The amount of memal pressure depends on the Ioca%
responss of the alumrnum substructure but no:se levels up to 165 dB are ettamed

dus 'mg lift off. Dunng ascent the mes expenence a wide range of aerodyhamrc loads |

ine Iudmg pressure gradrents and shocks buffet and gust loads, acoustic pressure
Io,.rds caused by boundary layer noise, memaT pressure caused by substructure
mctron and deflectron and unsready Ioads coming from vortex sheddrng from the
ccnnectmg structure to the external tank Afmost every ble will expenence Ioads of

160 dB during thrs phase ofa mrssron

i
{

Since the tiles are highly porous (90% void}, it is during the ascent that any
inlernal pressures must be vented in order o equahze with the exlernal env[ronment
Be cause of this, both the SIP and the tiles- may expenence varymg degrees of
internal pressure Vent Iag can cause terisile forces to burld up In addmon small
re'srdual tile stresses are caused by drﬁerences in the thermal expansnon t'ates of the

'Irle's and the coating. Also any water that was absorbed wrll cause mternal pressure

as rt expands and contracts wrth the temperature changes

During re-entry, a second series of stresses are placed on the TPS including:
substructure deformation, bou-ndary layer accustic noise, steedy aerodynamic loads,
unsteady asrodynamic loads caused by boundary layer separation and vortices, and
Ioeuds from aerodynamic maneuvering. The boundary layer transition from laminar
to turbulent flow always occurs, but the time of this transition (for the same entry
trajectory) depends primarily on vehicle roughness. This roughness Is divided into
twiy types; discrete (one single Iarge'prctuberance) or distributed {many small
protuberances.) Early time of transition resulls in higher turbulent flow peak
temperatures and higher total heat loads that depend on temperature and time of
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|
e'xposure (Smith 1989). Nearly cne third of the tiles on the lower surface of the-
arbiter reach temperatures in excess of 1800°F and are subjected to problems of
uneven thermal expansion. - | : ' '

' ; : ' {
The TPS has been rigorously tested and has withstqod thousands of test

cycle§ of limit load without failure. The system has then been'cenified for at least 100
_fl‘ights; However, repeated exposure 1o the stresses anq’st'rains that éccompany a
space mission can affect the integrity of the individual componénts The tiles can
weaken, for example, above the densxflcatlon boundary layer the SIP can streich as
fibers pull out of the matrix, and the RTV can creep under very high loads. It is only
through rigorous maintenance procedures and quality-control verifications that the
true life cycle of the TPS can be determined and that acceptable system safety can

be achieved.

T intenance procegur . .

The maintenance procedure is guided by the Rockwell specifications

(Rockwell International, 1988,.1988). It involves (1) a sequence of tile-damage

inspections and assessments after |én<'iing'to decide'. which ones can be mended

and which ones must be replaced; (2) tile replacement; (3) bond '\.werification using
pull tests; (4) step and gap measurament; (§) decision to install or not a gap filler.

The ‘'steps involved in the replacemént of a tile are the following:
° First prefit

° Denslication

° Second prefit

® Bonding of the SIP to the tile

° Cleaning of the cavity {inspection point)

° Priming of the cavity

° Mixing (and testing) of the RTV

° Application of the RTV to the 1lle/SIP system
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° Bonding of the tile/SIP 10 the cavity
° Verification of the bond. Lo .

The verification of the bond at the end of this process involves a pull test of
varigble strength One probrem that has been repprted is that this pull test may not
allow _detection of tiles that are only partlalfy bpnded because bonding to the-
adjacent gap fillers may provide sufﬁment strength to pass the test Thlough these
partial bonds pass the initial pull test they 1end to be more susceptlbie o

deterioration over time and slumping. B '

... Step and gap measurement is meant to ensure -the smoothness of the

erbite.r's surface and avoid the excessive. heat Ioads due to vehicle roughness. It is
uurrently a time-consuming procedure mvolvmg 24 measurements per tile, done
manually by insertion of piastic gauges to a denarn depth in the space between tiles.
The result of this inspection often. leads to a decision to install standard gap fillers.
Several problems have been reported in this part.of the work, including iraccurate
rneasurements due to misplacement of the'plastic'gauges. A laser system‘; is cur.renltly
being developed tc automate step and gép measurgment, making it both quicker
end more reliable (Lockheed Research and Development Division, 1989; SIORA,
1990). -Clearly, the corresponding reliability gain for the whole TPS depends on the
initial contribution of wrong steps and gaps and orbners roughness to the probab:hty

of failure of the TPS. e

Note that this maintenance procedure is moestly maintenance on demand.
The only random testing that occurs is in select areas where a small number of tiles
are pulled 1o determiné if there has been any weakening of the original screed
caused by initial and subsequent exposures to walerproofing materials. In the

abisence of a non-intrusive test of the bond, the fear is that the tests themsalves may

wizaken the 1ile/SIP/RTV system.

.25 0
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2.3 Failure history: incident r rdin ta
2.3,1 Failure history and mc:gient recording | )
A hxstory of the tile prob!ems can best be described by grouping the
difficulties mto three broad categones (1) design probiems (2) processing and
maintenance mduced problems, and (3) damage caused by external debris, This'
_mformatlon is summarized from data compiled by Carlos Ortiz at Johnson' Space
I(‘enter (JSC) in Houston, Texas. It should be remembered that to date, enly two
black tiles have been lost prior to or during re-entry. one due to RTV fallure caused
by chemical reaction with a waterproofing agent (Challenger, Flight 41-G) and one
due to debris impact (Atlantis, Flight STS-27R). Even then, there was some |
lemammg material in 1he tile cavity prior to entry. In both cases, there was neither
*atastrcphlc secondary tile damage, nor burn-through of the orbiter skin. This good
fortune was due in part to the location of the missing tiles and the struciure under the
skin. - Similar losses in different locations could have been far more ‘costly..
Nonetheless, the TPS has done very well and proven to be far more robust than

{

enticipated.

With any complex system, the 'd'esign process. d’oes not sto‘p with the initial
product. Improvements occur as the system is used and weaknesses are detected.
The orbiter's TPS is no different, Revisions to the original design started before the
first launch, and have continued ever since. These properly redesigned components
have greatly increased the reliability and maintainability of the overall system.
Deficiencies that have, as of yet, gone undetected will be solved in a similar fashion |

providing that they are uncovered prior to a major system failure.

- Design .
During the initial design of the TPS, each component (tile, SIP, and RTV) was

certified individually; but it was not until they were combined during the construction
of the first orbiter, Columbia, that a "weak link" in the bond between the tile and SIP
wiss indentified. Tests of the tile/RTV/SIP/Koropan as a system revealed that the
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combmed tensne strength was weakest at the tile-to- SIP mterface This was caused
by thé RTV not impregnating enough the basic tile rna1enal to insure adequate
attachment. The Presdent of Rockweii Space Systéms Group stated: " | think that it
is a'fair crmmsm that we didn't defme the problems more clearly as tar as the
tile/strain |sofatlon pad capabilities are concerned. We worked too hard on the
quality of the material alone and waited too long for the thefmal analysns (AW&ST,,
25 February 1980.) Because of this oversight, many of the alreddy mstalled tiles had
_to be retested, pulled, densified, and replaced. To ehmmate the "weak lmk’r the tiles

are densnf:ed by app!ymg a mixture of Dupont's Ludox AS and silica slip to the
Jndefside --of inner mold line-- 6f the tile to an apprommate thrckness of 0. 010
ifiches. The result of this procedure is ta move the "weak link" up mto the tile material
itsélf. * Since the minimum strength of the basic 9 pcf material is 13 psu the majority of
1he tiles now satisfy the maximum inducéd- !oad requxrements Many of the installed
~liles were known to have' greater than the minimum 13psi strength and could be
shown to have positive margins for fhght loads. The tiles that could not be shown to
meet flight loads with a positive margin were replaced with 22 pci tiles whose
minimum strength far exceeds the maximum flight loads. This additional work meant
that the 30,000 tilés on Columbia required more than 50,000 tile installations before
't-e first flight. Even so, not all the tiles were denisified prior 1o the first launch, but
".vieré deemed acceptable based on proof load testing to '1.25 times the limit stress.
For all the orbiters after Cclumbia, the tiles were densified during insialiaiion:

Even iheugh the overall temperatures reached during re-entry were less than
the maximum allowable, tiles in three areas were found- by flight experience to be
subjected to jocal thermal degradation and/or unacceptable thermal gradients
resulting in a negative margin for the mid-fuselage structure. Three reéesign
solutions were used {o resclve these area-related problems. ‘Tiles inboard and
fcrward of the main landing-gear doors (denoted as "location A" tiles) were
knowingly made thinner than the initial thermal design thickness to minimize weiglht

and to retain the aerodynamic mold line. The thin tiles were able to maintain the
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structural temperature limits because the lnmai fights were flown from the Eastern
Test Range at Kennedy Space Center, whlle the “thermal” design trajectory was
based on launches from the Western Test Range, which put a greater heat load on
the structure However, extensiye analyses, both thermal and stress, showed
unacceptable negative structural margin due tc thermal gradients. These negative
margins were mmally resolved by mtemal structural modifications and by installing

internal heat sink material. Later, the "Iocatnon A" tiles were replaced with slightly

thicker tiles (approximately 0. 10 inches thIcker) whlch still provided an acceptable
aerodynamic outer mold line based on {flight data evaluation. Tiles between the
nose cone and nose landing gear were receiving excessive heating, which caused

tile slumping and subsurface flow. These tiles were eventually replaced with a much

more durable RCC chin pansl. A s:m:lar problem occurred with the elevon cove
tiles. In this case, the size of the tiles was mcreased thus reducmg the number of
troublesome gaps. All three modifications have proven successtul, -

P ing an injenan \ ‘ :1

The most critical TPS problems related 10 processmg and mamtenance have
occurred with various waterproofi ing agents that have affected the strength of the RTV
by reacting chemically with the bond. However, in addition, a significant set of other
problems have arisen because of maintenance errors. Initial waterproofing was
done with an external application of Scotchgard to the tile surfaces. This was not
ptally effective because the waterprodfing degraded with exposure to rain and
sunlight. On the second flight, tiles that had absorbed and trapped water, fractured
when ice formed in orblt. This defined a need for an internal waterproofing agent. In
addition, the Scotchguard was found to éhemically attack the RTV-560. Fortunately,
this was discovered immediately atter an accidental overspray. The first internal
waterproofing agent, HMDS, was found to react with the screed (RTV-577), slowly
’ravening it from solid to liquid. This'lfnteracﬂon between waterproofing and screed
wias not immediate, and eventually led to the loss of a black tile. Fortunately, the
cther nearby tiles affected by the softened screed did not fail during reentry. A
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cond generation of waterproofing, DMES, has' been developed and proven
=uccesslul However the long- -term, residual effects of the outdated HMDS are still

causmg concern. o o .

!
Several chemical spills during tile installation have necessitated the removal

~and 'rebonding of nearly 1,000 tiles. These spills, involving an oxidizer on Columbia,
and hydraulic fluid on Challenger, demonstrate the sensltlvrty of the 'tiles and their

" bands to their maintenance environment. Another rncrdent involved the mlslabellng
ofa contamer of the bondrng agent RTV- -566 was labéled as RTV-560 which has a
" shorter dry:ng time. The bonds were not allowed to cure for the appropnate tame and'
thus were weaker than allowed Th:s dlscrepancy was caught during final pull
testing. - Fma!ly, dunng a return fllght from Californid to Florida on the back of a. 747,
the orbiter Columbia was flown through a rarnslorm damagmg over 1 000 nles of

whrch 250 needed replacement =

Srnce the first flight, the orbiter has always been exposed to enernal debris
dizmage. Table 1 summarizes the damage by Ilstrng total number of hrts and major

hits (grealer than 1 lnch) Srmple slatlstrcal analysrs demonstrates the great

variation that has occurred (Total Hits: mean = 179, standard deviation = 157; Hits
>" mean = 51, standard deviation = 60). This variability is further highlighted in
Flgure 5, which shows hlstograms' of the debris damage (for the upper graph,

number of flights as a function of the total number of debris hits; for the lower graph,
number of flights as a functlon of the number of hits greater than one inch). For the
first fllghls (until STS-27R), the actual major source of debris was found to be from
portions of SOF] insulation from the External Tank (ET) During STS-27R, the
orbiter's TPS experienced significantly more debris damage than on any previous
flight, including the loss of a large portion of one black tile (Orbiter TPS Damage
Review Team, STS-27R, 1989). Based on the pattern of damage and the recovery of
“actual debris material lodged in the tiles, AFRSI, and gaps, it was poSelble to

29

99:£7 £8. S8 g3

B s e




£8 3944

S@:£7 £0. S8 434 s

LBPEBSEEEZ
Paté-Cornell and Fischbeck
Sequence | Designation] Orbiter Datd MajorDebris | Total Debris
! Hits > 1" Hils !
! [

1. 1 Columbia 04/12/81 . .

2 2 Columbia  11/12/81 . .

3 3 Columbia 03/22/82 . .

4 4 Columbla |gg/27/82|" . o

S 5 Columbia 11/11/82 . .

6 6 Challenger [04/04/83 36 120
7 7 Challenger’ 106/18/83| 48 253
8 - 8 Challenger |08/30/83| ° 7 56
9 41H Columbia :(11/28/83 14 58
10 41B  |Challenger {02/03/84 34 . 63
11 41C |Challenger (04/06/84 8 36
12 41D Discovery |08/30/84 30 111
13 41G [Challenger 10/05/84 36 154
14 51A |Discovery [11/08/84 20 87
15 S1C  |Discovery |01/24/85 28 81
16 S1D  (Discovery 104/12/85 46 152
17 - 51B Challenger [04/29/85 63 140
18 51G |Discovery |06/17/85 144 315
18 S1F | Challenger [07/29/85 2286 . 553
20 511 Discovery 108/27/85 38. 141
21 51J |Aflantis 10/03/85 17 111
22 61A - |Challenger 110/30/85 * 34 183
23 618 . | Atlantis 11/26[85 55 257
24 81C |Columbia |01/12/86 39 193
25 51L Challenger |01/28/86 | . .
26 26R Discovery [09/29/88 55 411
27 27R Columbia 12/02/881 250 707
28 29R Discovery 103/11/89 283 132
29 30R Atlantis 05/04/89. 56 151
30 28R Columbia 08/08/89 20 78
31 34R Atlantis 10/18/89 18 53
32 33R | Dicovery 11/22/89 21 118
33 32R Columbia 01/09/90 15 120

Table 1: Summary of orbiter flights and debris damage
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Figure 5: Histogram of tile damage due to debris.

Indicates the number of flights that experienced a specified amount of debris damage (i.e. four
flights had 40-60 total hits, two ditferent flights had 60-80 total hits, etc.) based on available data
for the first 33 flights (missing; first five missions and STS-51L)
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! \ ! ' o
determine that much of the severe damage was Caused by insulation from 1he cone
area of the right SRB. Other damage mmor bug more extensive than usual, was.
caused by the insulation of the ET. This was snmllar to the type of damage that had
been experienced i in previous ﬂlghts In addition, an In-depth analysis done at the
time concluded that there was no obvious correlatlon between tile damage and
launch conditions that mlght affect ice formation WhiCh was considered earlier a .
possible source of tile impact damage (Orblter TPS Damage Re!new Team,

STS-27R, 1989). ' : :

Figure 6 displays cn one orbiter surface a cumuiahve recording of all
s:gmficant hle damage from all flights and all orbiters (through STS- -32R.) The
damage is oeroust not uniformly dnstnbuted and certain tiles are much more hkely '
to be damaged than others, Computer models developed by Ray Gomez at JSC
have been able to show how insulation from'both the SRBs and the ET cou!d cause
such damage {see Fugures 18 and 19 in Section 3) The complexity of the problem
'does not currently allow for a direct and focused backtrackmg tfrom a tile on the
orbiter t¢ a particular spot of msulatuon because the trajectory depenqs on many
factors (e.g., the velocity of the orb|ter and the angle of attack.) It may ?e possible,
however, to determine roughly the initial location and the size of loose insulation
necessary to inflict specific damage (location and severity) to the tiles.

D nding of tiles due to ¥ rs other than riim.

To date, as mentioned above, only one black tile has been lost due to factors
wther than debris impact (in that case, chemical reversion of the screed). There are
several reasons for unsatisfactory bonds: 1) improper alignment during installation,
2) fallure to comply with RTV drying limitations, 3) chemical reversion of the screed or
KTV, and 4) possible weakening of various compenents in the TPS under repeated _
lbad cycles. An initial investigation of a small discrete set of tiles showed that a high
frropontion of the bonds that had pssed the pull test were later found to be
unsatisfactory (see Figure 7). Since then, however, this number has been found to
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Figure 6: Accumulated major debris hits (Iqwér surface)

for flights STS-6 through STS-32R

Source of data: J. McClymonds, Rockwell International
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PROBLEM OVERVIEW
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COATING \

| _——CAP FILLER

FILLER BAR

FILLER BAR

PROBABLE CAUSE OF BOND PROBLEMS

e POOR ADHESION BETWEEN SIP AND RTV

===

\ SKIN

STRAIN - . -
{SOLATION PAD - -
(si’y) -

) POOR ADHESION BETWEEN RTV AND ORBITER SKIN T

e PHYSICAL INTERFERENCE IN CAVITY SIP RESTS ON I:DGE OF FILLER BAR

CURRENT BOND CERT:IFICAT‘ON 'METHOD 1S A PULL TEST

e INADEQUATE: ?ZO%CERTIFIED'B'ONDS-LATER_FOUND UNACCEPTABLE

Figure 7: The tila system and bond verification

Source: Lockheed Carporation {1989), R. Welling. Repmducgd by permission
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|~e‘much smaller. A recent and on-going evaluation of all 9 045 tiles using the 0.080
and 0.115 inch SIP has shown that of the 6,517 tiles evaluated to date, conly 8
howed anomalous conditions (most of which, but rot all, were subnomiinal bonds).
_ 20 far during, normal maintenance and the repfacement of debns-damaged tiles, 12 :
mes have been found to have no bond between the SIP and the orbiter's skin These
.

: nles were only held in place by the gap fiHers bond to adjacent tiles.

{
1

As mentioned earlier, the S!‘P is bonded to eaci'x tile using RTV while the filler
bars are bonded to the skin. After all these bonds have firmed, a layer of RTV ns
placed on the skin in the hole defined by the filler bars. The tile/SIP combination is

-hen held in place completing the installation. . If the tile/SIP combjnation is not

hgned correctly with the filler bars, the SIP may. rest on the filler bars and never
_touch RTV or skin. Obwously, these tiles will have very poor bonds. In several cases
the tiles were placed correctly between the filler bars, but directly over exposed
sensor wires. These wires prevented complete contact between the SIP and the
FITV and thus made for a weak bond. It should be noted that even with no primary

bond between the SIP and the. skin, tiles have still passed the pull tests (because of
the gap filler bonds) and tha, a8 of yet, no tile has been lost due to poor installation.

If the RTV is al Iowed to d}y before the tile/SIP combinaﬂen is placed on t, the
bond wdl not develop to its full potentz=! This can nappen when several tiles are
been placed at one time, and a single batch of H‘N is mixed for the several prepared
s'tes. It the installersare not careful, the RTV may exceed its "pot life", i.e., the age

bs'yond its safety margm before the last tile is placed.

The chemical transformation of the RTV is very sensitive to temperature
awq,humidity and must be mohitored carefully during _ih_stellation. In several cases,
tre curing time of the RTV has been reduced by the installers using water (or saliva).
.S_'.pch a procedure, which is explicitly forbidden, is not believed to affect the
immediate strengith of the bond, but may reduce its life. A similar class of problems
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has occurred when the aluminum surface has not been properly prepared. in this

case, the RTV bond may fail at the inte’rface with the orbiter's skin.
o

1

‘Il
The only black tile that has been lost due to debondmg not caused by debris
occurred when the first internat waterprooflng agent HMDS, reacted chemically with
the screed causing it to soften and revert baclk to ns more viscous form, The formula
of the waterproofing agent has since been changed 'so that it ‘will not affect the
screed. This new waterproofing agent has comp!eted S0 mission cycles on
combined- envxronment testing, and no weakemng 'of the TPS system was found.
Yet, careful monitoring is required to ensure that no- resldual amounts of the old
HMDS agent are causmg a very slow reversal reaction and, eventually, loss of tiles.
The current HMDS testing procedures involve removing two or three files after each -
flight to check the chemacal composmcn of the screed. To date no addmonal

* problem has been found. S

In the long term, repeated exposure to Io',ad' cycles and environmental
conditions of heat and humidity on the 'g‘ro.ﬁn'd may weaken some qf the TPS
components and, eventually, cause tile failure. The most vulnerable 'ﬁle{s are those
with no bond or very little bond (e.g., less than 10% of the surfécé) between the SIP
and the orbiter's skin, and that are held primarily by the gapfiller's RTV bend to the
adjacent tiles. RTV bonds, so far, have not shown visible signs of deterioration over
time and load cycles. It Is known, based on extensive !estmg. that the hundred- fl:ght
certification is justified for well-bonded tiles. What will happen in the future, however.

is uncertain.

| After some tlights, several cases of slumping (sagging) tiles have been
observed. These are easily identified visually since 'they break the smooth surface of
the orbiters. According to David Weber at KSC, the most common cause of
slumpfng is a weakening of the SIP's fibers due to repeated load cycles.
Pre-densification testing showed that the pant of the tile located right above its

36

ot creeT onny © fad JONCRGEZNZ,: Xe 4 we 6044 NIQD bBSEN

e
a4




. Pv'3%6d T .08E8SEEEE 6@:£T £@. SB €34

Paté-Cornell and Fischbeck
: ' ' , | . . ' .
interface with the SIP was the weakest bart and was most likely to be affected by
repeated load cyciés With densmcataon ‘this weakesi zone has moved, on one,
hand, funther up into the tile, and on the other hand, down mto the SIP 1tself A
problem in either Iocatlon is dlff‘cult to detect if there is not overt visual clue. Yet,

once again, to date no tile has been lost due to, repeated load cycles.

L

o :1 \ by B . : I

Three data bases have been identified and descnbed by Ellen Baker and
Bonny Dunbar as part of their TPS Trend Analy5|s Survey (March 1988) They are:

¢ PRACA (Prcblem Reporting and Corrective Actton) whlch is managed by

NASA. Tile problems constitute only a subsel of these data. ‘The

information regarding the tiles can be accessed at KSC. _ '

° TIPS (Tile Information Processing System) which is managed by

Rockwell (Downey, California).  The specialist is Ms. B. J. Schell,

supervisor of the TPS Data Systems at Rockwell International, Downey,
Californja. The information can be accessed atl Downey, JSC, and KSC.

- ©* PCASS (Program Compliance 'Ass'uran'ce and Status System) which is

part of a NASA (agency;-wide) System Integrity Assurlanf:e Pro%'ram Plan.

' PRACA and TIPS are 'described in Appendix 2. The survey conducted in
1‘388 by Baker and Dunbar showed that a Irend analysis was ;udged highly

de*slrable
1. To monitor the performance of the TPS in order to ensure conformance

with design requirements
2. To ascenaln long term effects of TPS-related procedures (repairs, etc.).

3. To enable engineering design changes to system failure.

The participants to the survey indicated that there was a need for a single
uszr-friendly data base including all useful data and, in particular, results of trend

anzlysis. They would want to have routine access to this data via a local PC or
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terminal. As we show in section 4, the risk-criticality index that we have developed
can be an impontant part of the record for trend analysis because it represents the | |
relative contribulion of each tile tc"a tziﬁe probability of LOV. due to TPS failure. These l
probabilities can be updated on the basis of new information and the results can be

by )

encoded for all tiles that share similar characteristics.

| : | |

-
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' ' Sectlon 3 .

DESCRIPTION OF THE PRA MODEL FOR THETILES - .,

tibllity an rability . o
Our probabrhstlc rlsk assessment f’RA) model for the black tiles of the
thérmal protectuon system (T PS) of the space shuttle is based o two rr{ajor factors: |
s uscept:b:lrty of the trtes to damage and vulnerebr!rty of the shuttle once tile damage
- has occurred. The terms susceptrbr ity and vutnerabthty have been standardtzed in
4 '"the study of aircraft combat survwabrhty their use m the space shuttle context may

“acilitate the understandmg of the probtem

Susceptrbr!tty of the tsle system to damage is determined by the combmatlon
of Ioads on the tile and its capacny (strength) to withstand them Feuure occurs when
the loads exceéd the capacaty The problems can genera”y be div:ded into two
c.ategones (1) tile loss caused by excessuve externat loads end (2) trle loss under

gular Ioads caused by weaknesses in the tlle system (debondmg due to factors
“other than debris tmpact) A thurd possrblhty (a combmatlon ot the two) is the case

where external toads not severe enough to cause the loss of a well- bonded tlle

C.JUSES the loss of a weakened tile. ln this study, this case is treated as a subset of

tJ'e frrst category Histericzlly, the v=st majority of excessive external Ioadmgs has

been from’ debris, mostly from the externai tank and the solid rocket boosters
(ctetectrve rnsulatmn and ice). Also included in this category is space debrts
Dzpending on the size and energy of the debris hlttmg the orbrter several tiles can
be damaged simultaneously. It is also conceivable thet the reentry remperature may
exceed the designed capabilities of the tiles, Ieadmg to tile ta:lure or burn-through

(for example due to severe malfunction ot the guzdance system)

Capacity reduction caused by weaknesses of the tile system account for tile
losses caused by long-term dsterioration of the RTV, defective bonds not caught
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during installation, and tile bonds weakened due to improper maintenance:
procedures waterproofmg, and spalls These weaknesses ‘could affect a single tile
(tile restmg on its filler bar) or a group of tlles (use of a weak batch of RTV). Tile
suscepub:hty can therefore be reduced by controlhng the exiernal debris, |mprovmg
tile mstallahon and maintenance' procedures, and develcpmg new tests
{non- destructwe pull tests and other types of tests) to ensure bond vermcatnon !
Another approach to reducing the suscemlbmty of the tile system that will not be
considered in this study would be to harden the tiles so that the impact of externai
debris would not cause any damage. Extensive use of RCC would be one such
solution, but at the cost of a significant increase of wenght and design complexity, as
well as an enormous additional expense. v
The vulnerability an;lysis starts with the premiss that a tile has.been lost for
whetever reason, then proceeds to analyze fne effects of this loss on the shuttle’s,
performance and safe return. Of primaryl concern in this phase is the layout of the
shdﬂle systems immediately below the shuttle’s skin. A heating or bUrn-througn cf
the skin could cause the loss of various hydrauiic fines, computers' fuel tanks, or
even a weakenmg of the structural integrity of the spacecraft Also included in the
vulnerabihty analysrs is the effect of an initial loss on the surroundmg tiles. When the
T Pszwas developed, it was feared ;ha! one hole could lead to adjacent tiles peeling
off because of reentry heating (the so-called zipper effect). This phenomenon 'has
rot occurred in the two instances where tiles have actually been lost. Yet, the loss of
& tile clearly causes a local turbulence' and exposes directly the side of the next
1ile/SIP/RTV system to high loads (forces and heat). The probability of loss of a
secondary tile, although obviously not equal to one, is still higher than the probability
of loss df the first tile in a patch. If not checked, the loss of subsequent tiles could
lead to exposure of & much larger patch of the shuttle's skin. The vulnerability of the
orbiter could be reduced by moving, hardening, or increasing the redundancy of
various critical control systems. If the tile damage can be discovered prior to reentry,
then, in some cases, the vulnerability of the shuttle could be reduced (either by
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protecting the exposed pafch or by rerouting, drammg. or secunng exposed lines
and tanks) In addition, by changmg the reentry flight profile of the shume it may be
possuble to reduce the temperature of some weak, vu nerable areas. The sequence

of events that Is studied in this analysis is shown in Figure 8

( Reentry Heating

_ : Subsystem
LD,SS of Tile ' 4 ‘ * Maltunction |-

Debonding Caused By ){ Loss of Additional . _ J
. \Factors Other than Debris | - Tiles © /. T T

Figure 8: Event diagram: fa:iiure of ihe ;"r'ES leading to LOV
The structure of the probabilistic model used i m the analysis (Figure 9) follows
closely that of the elements presented in Figure B. It includes: (1) fmtlatmg events
(probability distributions for the number of tiles initially lost due to debns and to
Jebonding caused by other factors), (2) final patch size (probabillity dzstnbut:on of the
number of adjacent tiles los: cond.uonaf on the ioss of the first tlle), (3) burn- rhrough
(probability of burn-through conditional on a fallure patch of a given size), (4) system

'Iass (probability of fallure of systems under the skin conditional on a burn-through),

and (5) loss of orbu"er (nrobabmty of LOV, conditional on failure of subsystems due to

burn-through,) “The analysrs is thus done using the usual mix of probabnmes _
estimated through frequencles, and of subjective probabilities when needed (e.g., for

the probabilities of failure of subsystems under the skin for which no formal PRA
studies have been done). Bayesnan formulas were used to compute the probabilities

of d:ﬁerem scenarios as described further in this section.

Note that, in this study, we did not account for excessive heat loads (above
the design criteria) causing the burning of a tile due, for example, to tile design
problems or to a malfunction of the guidance system and/or the control surfaces.
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Discrate random variable: number of initial liles iost due to debris
Discrete random variable: number of inltial tiles lost dus o debonding
piscrete random variable: number of additional tiles lost given initial tlle damaga
Continuous random variablg: severity of burn-through given a patch size of missing tiles
- Binary random variable: subsystem failure occurs givan level of burn-through
Binary random variable: LOV occurs given loss of subsystems
Figure 9: Event tree of LOV due to TPS failure
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1

.Although this fanlure mode may contnbute to :he ow,eraH risk of failure of the orbiter's
TPS, it was considered here that these mmahng events now have a much lower
probability 1han the loss of a me due to debris damage and/or debonding eaused by

otherfactozs ' _ o . : .

by 1

We dld not account for dependenaes among the probabmnes o* 1aslures of .

subsystems under the skm due'fo TPS farlure for exampIe two redundant elements
¢f the hydraulic system could be cnppled during the same ﬂaghr by loss of tiles in twa
different locaticns, The .probability of sych snmuhaneous faxlures was considered 1o
be too small. Finally, we did not account for dependencnes among tile 1atlures
caused by the repetition of the same mistake (e g., from the same techniclan) which
‘becomes a.common causg of failure (foP example addmon of water to the RTV mix
&nd treatment of several tilgs.) Thrs concern will be part of the second phase of the

study. - v
3:2 Definitiocn of min-zoneg - . |
. Because of the factors descnbed above the b!ack tile systnm cannot be
treated as a uniform structure., Debris is more likely to hit some parts of the orbiter
than others, different bonding materials are used in diffserent areas, temperatures
vary considerably over ths surface, and critical subsystems are located only in a few
areas, Thereforé for this analysis, the entire tile prdtention systemn is subdivided into
smaller areas, called here min-zones, such that alf tiles of a specific min-zone have

the same level of susceptibility and vuilnerability. Depending on the number of

discriminating characteristics,
conceivably vary from a single tile to thousands. (An alternative epproach would be

to ategorize each tile individually with regard to susceptibility and vulnerability, but
.since most adjoining tiles have identical charactenstlcs this level of detall is not

needed.)

43 . -

P L v

the number of tiles In each min-zone could

o e

O T .




4 T 3904 LBBEBSECAE

Fhivl W SW dad

Paté-Cornell and Fischbeck

The defmmon of min- -20nes is critical to the analysis. . The number of factors’
used to dehneate the min-zones determ:nes the complexity of the problem. As an
rnmai cut, we define a min-zone by four factors: (1) suscepnbmty te debris impact, (2)

_ potenna! for loss of additional tiles following the loss of the flrst one (depending on
heat and aerodynamic loads), (3) potential for burn- through ‘given one or more
missmg tiles (heat lcads), and (4) criticality of underlying systems For this s:udy. itis:

~assumed that the probability of debonding caused ‘by ‘factors other than debris
impact Is uniform over the orbiter's surface and does not require a separate partition
of this surface. As menticned above, it is also assumed that flight profiles will not
expose the entire TPS 10 severe temperatures that would exceed their specifications. ‘

2.1_Debri ificati o
In order to account for the fact that debris damage during ascent is not
uniformly -distributed across the- underside of the orbiter; the black tiles are
paniitioned into three debris areas such that all tiles i in a particular area have roughly
the same probability of being initially damaged by external debris. The definition of
these debris areas also accounts for the fact that some areas are more susceptible to
being hit by large pieces of debris that will damage several adjacent tiles

simultaneously.

To define the debris 2ones, we plotted all known debris damage from the first
33 flights on a single shuttle layout (see Figure 6.) These data came from J. W.
McClymonds (1889} at Rockwell in Downey. Areas with simllar damage intensity

were grouped together into high, medium, and low debris damage areas (see Figure

10.) An estimated probability of tile damage due to debris per flight was determined
by dividing the number of hits by the number of tiles in each area and by the number
of flights. - A similar plot and calculation was done for all damage to black tiles over
¢ne inch in size. (Historically about one fourh of the damage has been greater than
cne inch in size,) It should be noted that the only missing tile to date caused by
debris is in one of the "high debris damage areas”.
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Figure 10: Partition of the orbiter's surface into three types of
debnszdnesﬁndex:h)
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Based on this analy5|s the probabilities of a specmc tile recsiving any debris
damage were assessed as shown in Table 2. The probabahty of multnpla tile
damage was calculated using a typical six-inch by sm-mch square tile and est;matmg
the percentage area, within a 172 Inch border, that would allow for other tiles to be hit

simultaneously wrth sufficient energy to cause significant damage.
o - | !
o t . ! 1 ) I

Debris Areg High "~ Mediym Low

P(Single tile hit) : . 10-2 L 3x10-3 5x10-4

P(One of two tiles hit)* Bx10-4. o oextod 4x10°5

P(Ore of three tiles hit) 7x105 | Lo __2x10'|5 . - 3x10€ .

“P(one of x tiles hit) = probability that a pamwlar t:pe :s ina gmup of x adjacent hit tlles
Table 2: Probabilities of debris hits in tha diﬂerent areas shown in Figure 10

Translatmg this mformanon into the probabnhty that a specific tile will be
knocked off or so sngnmcam!y damaged as to burn off during reentry is & more
difficult task. it is logical to assume that the probabmty of this leve! of dar age is the
ratio of the number of destructive hits 1o the total number of hits in the ;I:st Since i
one tile has been lost out of roughly two thousand significant debris hits, it is
proposed, in this study. to use an Initial estimate of 1.in 2,000 (5x10-4) for the
probability that large hits would destroy a tile's insulating capability in the high debris
zreas. Slightly smaller probabilities were used in the medium and low debris areas.
The probabilities of tile loss due to debris hits for each tile in each area of Figure 10
have been further allocated as shown in Tabla 3. For example, the probability of a
siingle tile loss in “high" debris area :s the product of (1) the probability that the tile i is
hit by a debris, (2) the probability that the size of the hit is greater than 1" condltlonal
¢n a hit and (3) the probability that the tile Is knocked-off given a large debris hit.

46 , (
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f t
Debris Areq - High - Medym . Low
P(Single tile lost) 13 x106 107 . 1109
P{One of two tiles lost)* 10-7 108 0
. oy I
P(One of three tiles lost) 108 . 108 l 0

’P(one of x tiles lost) = = probability that a partswlar tile is |n a group of x adjacent lost tiles
Table 3: Probabilties of tile loss due to debns m the di ﬁerent areas shown in Fig. 10

In a srmrlar fashron the tlles are pamnoned into three burn-through areas
" {see Figure 1 J The probabmty of a burn- through is dependent on two factor: the
temperature that the surface reaches during reentry (and for how Iong) and the
&Rility of the unprotected. alummum skm to dnssupate the heat build up The densar
and stronger the structure under the skin, . the greater the capacrty to res:st
burn-through. In both cases where tiles have been lost, burn-through has not
occurred in part for this reason. The !arger the patch of missing tiles, the greater the
I'’kelihood of burn-:hrough The probabmtles shown in Table 4 were estimated from
information provided by Robert Mana'of NASA Johnson Space Center in Houston.

Once again, these are only coarse estimates.”

Burn-through Arg.a. ' _' High - Medium ' L ow

P(Single tile losty " “'p.2 0.1 0.001
P(One of two tiles lost)* 0.7 .. .. 025 0.01
P.One of three tiles Iost) ~ 0.95 07 0.1

*P(one of x tiles last) = probabiity that a particular file is in a group of x adjacert lost tiles
Table 4: Probabilities of burn-through due to tile loss in areas shown in Fig. 11
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High probability of burn-through

M_edium probability of burn-through

Low probability of burn-t‘hrpugh

Figure 11: Partit_ign of the orbiter's surface into three types

of burn-through zones (index: k)
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. . . i
Note that the two areas just in board of the main landing gear have been
notated as being in the high burn through area This is not, strictly speaking, a

burn-through problem. The structure in those areas is extremely Sensitive to

temperature dn‘ferences and wourd fail even without a burn-through. However,

because of their sensitivity to 1emperature these two areas were grouped in the hrgh
o

burn-through category : g
co o

In order to account for the potentlal of a smgle tile causing the loss of
'adjacent tiles, the orbiter is divided mto two secondary t.'le loss areas (see Frgure

12.) The probability of additional me loss depends on the. aerodynamic forces and
on the magnitude and duration of. the mcreased reentry temperatures that occur -

around a rmssmg tile due 1o the drsrupt:on of the laminar flow. This rncrease of

The RTV bond will fail above 600°F Because of thrs the secondary tile loss areas
are related to the temperature areas used in the burn-through analysis above. In this
>tudy, the two secondary tile loss areas wnll be____de,msd by the probabrmy of adjacent

by Robert Maria from NASA at JSC

B E:'.‘.-'

Zang 1 (high loads): P(Addiﬁonal tile lost | Ore tile lost) = 10-2
Zone 2 (low loads): P (Additional tile lost | One tilg lost)'= 103

" Table 5: Probabilities of lesing adjacent tiles
due to initial tile loss in areas shown in Figure 12

A failure patch is defined as a group of lost tiles that started from one
initiating event {intial tile loss) and has reached its maximum size. The size of a
failure -patch depends on the number of tiles initially damaged and on the

subsequent vulnerability of the adjacent tiles.
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m high probability of secondary tile loss

-+ | low probability of secondary tile loss

"
L
NI T

Figure 12: Partition of the orbiter's surface into two types of

secondary tife loss zones (index:l) - -
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' The varying crmcahty of 1he subsystems of the orbrter located under the
atumlnum skin is handled by pamtnonmg the tlles into-three functional criticality
areas. Once a burn-through has occurred, vanous systems would be exposed 10 .
extreme heat and would fail. If those systems were essentlal for fhght their failure

. couid lead to the loss of the orbiter. By examining-the locauon of critical systems
(electncal hydraulic, fuel, etc. as shown in Figures 13 and 14), three areas were
:dennfaed (Figure 15). The following probabllmes were estimated by assuming that a

-bum through would cause an area of four square feet around the hole to be exposed

‘to’ hot ¢ gases.

o Area of high functional criticality: P(Los'fs'"o‘f orbiter | Burn-through) =
| Area of medium functional cntlcahty P(Loss of orbiter | Bum-through) 0.2

Area of low functional cnttcahty P(Loss of orbrterl Burn -through) = 0.05

Tabie 6: Probabilities of LOV condmonal on burn-through in funcﬂonal criticality
areas shown in thure 15

In this model, it is assumed that the probability of debonding caused by
factors other than debris impact is the same for all tiles. In reality, the location of
screed, thin SIP, and gap filler, as well as the age of RTV, and the temperature and
pressure 20nes would affect the probability of debonding. Shon of conductmg
considerable additional research, this 51mplmcanon should be adequate. Again, the
probabilities used for illustration are only coarse esnmates that are mtended to
provide an idea of the relative magnitude of the debondmg problem‘ to the debris
problem. Anothér relationship not considered directly in this analysis is the eff'e'ct' of
weak bonding on the susceptibility of a tile 1o debris ifnpac‘t. A weakened tile is much
more likely to be dislodged by & medium-sized debris hit. For the purposes of this

51
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miodsl, with its uniform distribution of debonding, this factor is included in the debris

analysis. ' - L
’ o
| . i

!
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Of the approxnmetely 130,000 black tiles that have been installed at various

times on all the orbners 12 have been found dunng mamlenance to have no bond
other than through the gap fillsr. A complete analysis of tile capacity, as revealed by '__;'

the maintenance observations, will be pan of the second phade ot tHis wdrk We,

assumed, for lhe moment, that about half of the unbonded tiles that are held in place

b,a the gap flllers have been detected by now, either because of visible slumplng or
bscause they have been replaced for other reasons such ag debris damage (about

2‘% <o far have been replaced.) Those with no bond that have not been delected

sa ‘far are those that have not yet shown v1s1ble signs-of weakness and have not "

ne¢eded replacement. l
' o | 1

David Weber from KSC estimated that a tile with thls weak a bond would

have a probability of tailure of one in & hundred (10 2) per flight, making the -
onding of this kind, for any llle to be approxlmately 9.0 x10‘7 per )

flghl Estimating the probablhllee for the other-types of debondmg (excludmg those

probablllty of deb
caused by debris impact) is more subjective. We used a prewous ' Lockheed study of

bond ver:flcauon (see Flgure 16) and confir
David Weber. This siudy gives relative values of the probabilities of dlflerent
we assumed that chemical reversion of

debonding modes. Following these results,
to load cycles are less hkely to

the screed and weakenmg due 10 repeated exposure
d we used a probability cf tailure of 2 x 10°7 per tile and per

flight. As a further snmphflcaﬂon. these two probabllltles (weakening due to repeated

gxposure t0 load cycles and msufflcmem bondmg) arg assumed to be mdependem
and can thus be added in actuahly poorly bonded tiles or mes resting on soft
ccreed are fikely to be much more susceptible to this kind of weekenmg Using these
values, the probability of losing at least one of the tiles due to debonding caused by
sther factors than debris impact, on any flight, would be & little more than 0.02, which

cause debondmg, an

) R PRI 5 5 e ’ ' ’
A Zn: 1 - T e aBolg NI
_ cnrlz Q¢ 024 J00s8Cs20z: X2 08JB04d NIAD HSON

med the results during discussions with
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TILE BOND VERIFICATION =Ylockheed
| MAJOR DESOND PROBLEM TYPES - |

FREQUENCY - RISK - SAMPL
DEBOND TYPE OF-OCCURRENCE FACTOR ' RIORITY EREPARED

FACTOR (1-10)  (3-10)
GAP BETWEEN S1P AND RTV
» DRIED RYV 9 10 ' X
e SIP RESTS ON EDGE OF ., . - 10 > y .

FILLER BAR I | x -
GAP BETWEEN RTV AND
KOROPON /Al SKIN
o SURFACE PREPARATION 8-9 5 2 X
+FUZZ BOND® — PARTIAL PENETRATION 7 AR S
OF RYV INTO SIP . - ) :
e. RTV CURE RATE | -TLX -
. MISMATCH OF SIP AND FILLER BAR X
3 ) B 4 )

RTV CHEMICALLY REVERTS

Figure 16: Four major deband problem types

Source: R. Welling, Lockheed Corporation (1983) Reproduced by permission - -
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thzn implies that over 35 flights, the probability of losing at least one tile on one of the
flights is a litle less than 0.50. This appears reasonable based on historical events

and the one missing tile. C R
T ' :

tyo |

]
3.3 PRA_model: definitien of variables 4
' Throughout the rest of the analysis, the areas defined in the previous section;

i
" are indexed as follow: | oy
1

b Index of min-zones

Index of debris areas

Index of functional criticality areas

Index of burn-through areas

Index of secondary tile loss areas

mxTr T

L

) Note that a double subscript (E.g., n represents parameter j (criticality, in this
czse) of min-zone i and_that the term debonding” refers to “debonding due to factors

other than debris impact” .

n Total number of black tiles-on the orbiter

n;: Number of tiles in min-zone i.

N: Total nuinber of min-zones .

N;: Number of failure patches in min-zone [

q: Index for the failure patches in any min-zone

M:. Final number of tiles in eny failure patch

m: index for the number of tiles in a failure patch

Ft: initiating failure of a tile -

Fa|Ft: Failure of any adjacent tile given initiating failure

D: Number of adjacent tiles In initial debris area

S: Number of adjacent tiles in initial debonding area
B . Loss of vehicle (LOV) ‘ '

P(X): Probability of gvent X :
P(X]Y): Probability of event X conditional on event Y

P(X,Y): Joint probabllity of event X and evemt Y
EV(Z): Expected value of random variable Z

bles described in Figure 9.

s of initiating events are considered: those caused by debonding, and those
re of the tile itselt due 10 heat loads,

This analysis follows closely the structure of varia

Two type
caused by debris impact. (A third category, failu

57
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may be added later.}. itis assumed that the two types of initiating events are
probablhsucany indépendent. Since each mm-zona has its own set of characteristics,
they are treated as separate entities. Tiles in each gpecific min-zone have the same
probability of bemg initially damaged and of causing a larger failure patch,
burn-through, damage io a critical system and the loss of the vehicle. Because of
{hese assumptions, the analysis determines ﬁrst the probability of losing the vehicle
fcr each type of initiating event and each ‘mm-zone The overall failure probability is
the sum of the t?ilure probabiliﬁes for all zones and initiating events. Debris impacts

are considered first. . e .

To determine the probability that a specific tile in min-2one i starts a patch
‘cue to debris impact, it is also necessary to consider the size of the initial damage.
We consider first the case where a single tile is initially damaged. Throughout
e.ection 3.4, it should be remembered that the probability of initial tile failure in
rmin-zone i, P;(Ft), should be read as P,(Ft|D=1). Next Isections consider P;(Ft|D=2)
and P(FtiD=3). These additional levels of initial damage (two and ;It'hrea tiles

simultaneously) are combined later. | |

Once the first tile in mm -zone i is lost due to debris, there is the potentiai for
zdjacent tiles to aiso fall. T he probab!hty that the fmal patch size reaches M depends
on the secondary loss index of the min-zone (I) and is given by the following

§
afterwards:)

P(M | Ft) = Py(FalFtM1 x [1-Py(FalFt)] W

Note that M must be at least equal to 1. This equation assumes that the
__ probability that adjacent tiles debond does not change as the paich grows.
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In each min-zone, there is the possibility of several patches'starting. The

probability that the ‘number of pétches‘ reaches Njin min-zone iis:
R :

PNy = —nil - Pi(Ft)N; x [1-P(FOINeNE ®
Nit (nj-N I)'E ‘ BT :

ulation assumes that the, initial tile failures are mdependent and that '
of an mmanng event’

!

This 1orm
there will be no overtappmg of patches because !he probabmty

(F*) is small compared to the number of tiles in each min-zone (n;). The product .

EV(N;) X EV(M) which equals the total riumber of nles lost in each min-zone is

'Also, N (number of patches) and M (size of ,
Based on, these -,

considered neghg1ble compared to n;.

p.atches) are conmdered independent random vanables

“as sumpt;ons the expected number of pgtches Is approxtmately

EV(N) = ni x Pi{Ft) | (3)

and the size of each patchis given by the mean of the distribution of Mz -

CEV(M) =1 l[j-P;(Fa{Ft)]_l (4)

G'ven th s resuh it is now possm e to calculate the prgbability that the orbiter

will tail due to debns that impact one tile only. Remembenng that j is the index of the

| 'mcamy areas and k is the mdex of the burn-through areas, we define the
probabilities of orbiter failure due to a patch of size M, in min-zone i, initiated by

debris nmpact (D=1) as follows:
P;(L| M=1) = Pjki,1
P{(L] M=2) = Pjki.2

P;(Ll M=m) = Pji,m (5)
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it must be remembered that any given min-zone could have several patches,
in n and each patch could be of a different size. To calculate the probability of

oroiter loss due to specific number of patches (Nj) in min-zone i, the following

definition is necessary. Let p'; be the probabllity that an arbitrary patch in min-zone i
- : 1,

causes a failure. . |

t, 'p'i=29,w,mxP(patch.size.—-‘m) o (8)
m=1

1 oo

pi= 2 Py, m * Pii (FelF™? [1 P|.(Fa|Ft)]
m=1 _ ' A (7)

Therefore, q being the numper of patches in a given min-zone, the tailure

probability for a specific number of patches in & min- -zone is:

P(LIN=q) = Pi'x q ’ (8)

Once again, this assumes that the probabi!it'ies are small and that the patches
will not interfere with each other (they are assumed 1o be separate and
independent). These assumptions are valid provadmg that each min-zone has a
sufficiently large number of tiles and that the size of the patches is relatively small.

Based on Equation (8), the probability of orbiter failure given all patchés that

pecur in min- zone | becomes

P(L|min-zone [) = E Pi(LINj=q) X P;(N;-q)
a0
= 2, pYix g xPi(Ni=a)
g=0
= p'| x EV(N})

= p'j x nj x Pj(Ft) (9)

60
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ll i ) . o ;
‘This result represems on!y the cases of debris impact causing the initial
failure ofa single tile. A more compiete rewriting of Equatlon 9 highllghts this fact:
P ' _ ;
P(L|min-zone i, o=1) = pi(D=1) xni X Pi(F‘t|D"=1) ')
I
3.5 Inmatlnq event: Initial debris lmpact pn v'r[ til D=

In order 1o expand this model to include the poss&blhty that the initial debns
it is necessary to modify some of the above

impact damages more than one tile,
It is assumed that if a largeé gnough plece of debris hits the orbiter,

equations.
once. Each of these missing tiles

several adjacent tiles may be knocked loose at

_may in turn cause their adjacent tiles.to fail and @ speci
| summatlons are requued in order to

Ies This compounded prob!em

ific number of additional tiles

‘can fail in mulhple ways. Therefore, additiond

“account fof the increased number of exposed ti
requures that Equation (1) be rewritten 10 account ‘for this potent:ally Iarger patch
“growth rate. if the mmal damage mvolves two t|les the probablllty that t'ne final patch

reaches size M is:

P; (er-’i."Dr.Z) = (hjil2+1) x ﬁ“'(Fale)ﬁ-'a Q‘[i 2 ) (ﬁj

I three tiles are damaged initially:

M-3+1
P; (M]Ft, D=3) = [Z ] x Put FalFt)M':’*xh - Pi(FalFt)]® (12)

I four tiles are damaged initially:

M+ K | o
Pi (M|Ft, D=4) = » i]lx Py (FaiFt)W x[1 -piFalFyl*  (13)
. k=-1 Eﬂ :
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This set of equations can be extended to include great'er initial damage;
historical ewdence however, supports iimmng the analysis to this jlevel. it must be
remembered thal the value M of the final patch SIze must always be at least equal to
the size ot the initial damage area, D Equation (2} in its most general form is written:

r
|

P(M;D=d) = __rgu___ PI(Ft[D—d)N* X [1 P (Ft[D—d)]n"N' (14)
| ! <N.-nm

end Equatmn (3) bacomes '

1 | v

EV(N) = m x PiFtiD=d) | R (15)

~ Equations (5) and (6) do not change except for the indexing of the suhmation "
since their results depend only on the fmal pa&ch size and the functional criticality
.ndex Equation (7) would change as Equatnons (11) to (13) are m;egrat_ed to
account for the various debris damage areas.. The final probability for each initial
damage area and min-zone is computed usmg a van‘a\nt of Equation 10:
P(L|min-zone i, D=d) =pi(D=d) x nj X Pj(Ft|D=d) . .(18) \
Because all the initial damage probablhties are very small, it is possible to

approximate the probability of debris causing 10sS of an orbiter for all damage areas

In a particular min-zone by:

Maxd -
p(Ljmin-zone i, debris) = S p(Limin-zone i, D=d) (17)
’ g=1 ) . ,

mined, the probability of orbiter failure for all
f the probabilities of fallure for all

Once this probabliity is deter
min-zones due to debris impact is simply the sum ©

min-zones since all min-zones and initiating events are assumed 10 be independent:
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| N . ;
p{L|debris) = = ¥, P(L|min-zore i, debns) o ' | : (18)

=1 L,
oo 3

debonding caused by factors other than debrig

oy l '

3.5 Initiating gvent:
impact
_ ' The same procedure and baSlC formulas. are used to det
| pn,babihty of orbiter failure due to debondmg caused by factors other than debris
| lmpact Agarn the probablllty of orbIter failure due 10 failure of the TPS is compuled
‘ frcm the probablmy of tiles spomaneously debondmg in groups of various sizes in
ecch mm -zone. The problem |s shghtly easler since, itis. assumed that the hkehhood

of .-.,uch debondmg is umform across all tiles. The probabthty of secondary tile failure
the debrls problem .The probabllny of orbiter failure

erm‘me the

Pi (FaIFt) is the same as for
n min-zone i that started from & damage area of initial size s is

‘givenby: L o ,
P(LImin-zong i, S=8) = pli(S=s) x nj x Pi(Ft| S=8) (19)

. The other squations {ollow accordmgly The total probability, ¢t shuttle ?ai!ure '
for.damage initiated by debonding caused py factors other than debris impact is:
P'(leebonding 2 P(L|min-zone ! [ debond'ng) (20)

=1 .

Finally, assumlng mdependence of initiating events (debris and debonding

due to other causes), tha overall probabllity of shuttle tailure per flight due to tnle

dzmage is:

P(L|tile problem) = P(Lidebending) + P(L|debris) (21)
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1.7 Additignal Information and datg S

A PRA mode] like the one described above needs to be constantly updated to
rzflect information that may have existed before but had not been uncovered at the
time of this mma! study, and, mformanon from new experience including recent

inspections, tests evaluations, studies, and |n fhght performance data. In thas

amplementatmn phase, more refined dath may thus be used and addltsonal ,
Information avanable at NASA can be mtroduced m the analysis. One meortant par

¢ the problem at that stage will be to capture the evolution of the failure probability of
the orbiter. Cleariy, the system is notin a steady state. On one hand, the quality of

the maintenance work appears-to improve (Figure 17) Initial defects of the.

installation work: that resulted in a decrease of the tile capacnty are progfesswely

being discovered and corrected during successive maintenance operations. Ex1st|ng

problems, such as the impact of chunks of insulation from the ET and the SRBs or the
zlevon-cove désign problem, are resolved as’ they are discovered. On the other
sand, the. possibility of long- term deterioration of the TPS clearly increases the
probabllity of tile failure (even if slowly) and the riate of deterioration is a major
wnknown. Of specific concern are: the pOSSlblll!y of degradation of the bond over
fime, of slow chemical reaction due to water proohng agent, and of weak%ning of the
$IPAile system under exposure to repeated load cycles. Addmonal data regarding
the initial test results used in the certification procedure from JSC and from the
manufacturers of the tiles, the SIPs, and the bond are needed to update the modei.
‘Therefore, this updating should be based not only on statistical data on tile
performance during each flight, but also on basic information about the components

of the TPS.

A complete analysis of the distribution of tile capacities will require additional

data from maintenance operations including:
o The numbers of tiles replaced so far on each orbiter;
o A statistical distribution of the percentage of the suriace of the tile/SIP
system that was found 1o be actually bonded to the orbner‘s skin;
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| ¢ Estimates of the probability of failure of a tile of given capacity (e.g., 10%
bonded) under ditferent kinds of load (e.g., debris hit >17).

]

A more refined partition of the orbiter's surface ‘can be obtained using data ,

sich as: !
i

o Effect of excessive step and gap on the heat load i m dnfferent 1ocauons |

o Possibility of partial failure of the guidance’ system or controt surfaces at

re-entry and correspondmg increase in the heat load;
° . Trajectories of debris from the ET and the SRBs. Computer simulations
done at JSC (see Figures 18 and 19) cou!d give better information about *
the vuinerablhty of the orbiter's TPS, in partlcular in the most risk-critical

areas;
o Measurements of temperatures and aerodynamic forces on the surface of .

the orbiter (see Figures 20 and 21);
o Effect of tile loss on the orbiter's surtace temperature in the cavily’ (F|gure

22). : | o

The analysis itself can be rehned in several ways. A major unknown is the
pe’riormance of the subsystems under the orbiter's skin once they are exposed to
excessws heat ioads due to TPS failure. The only alternative, short of 2 systematic
PRA of these individual systems, is to use subjective estimates. Finally, it seems that
the avaﬂablhty of a kit for in-orbit repair of the tiles might provide a significant
reliability gain. An assessment of its effectiveness will be Included in Phase 2 of this

study.
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' ''Sectiond: | . =
ILLUSTRATION OF THE MODEL '; *
| . ’

t

The illustration of the model presented hereis based on coarse numbers -
whose relative values are more significant than their absldlut'e values. By overlaying
the functional criticality, burn-through, debris damage, &nd, secondatry tile loss areas,
33 min-zones were established. Of thess, 21 are unique zones (i.e., that have- |
ditferent sets of indices). Several zones with the same combinations of indices
zppear on different locations on the orbiter. Figure 23 shows the final layout of the
rain-zones and the nurerical resylts of the model. Each zone is assig'ned :én
identification number. The lower numbers are generally assigned to more critical
areas. Each zone is also identified by an index number whose digits relate to the."

four area types shown in Table 7:

.1'5t digit: Burn-through areas (i high, 2 medium, 3 low, probabili'ties)

2nd digit: Functional criticality areas (1 high, 2 medium, 3 low, criticality}

3rd digit: - Debrls damage areas (1 high, 2 medium, 3 low, probabliities)
_ " 4th digit: Secondary tile loss areas (1 high, 2 low, probabllity)

Tablé 7: Structure of the indices of the min-zones shown in Figure 22 and Table 8.

Table 8 lists the min-zenes, and shows the number of tiles in each zone and
the probability of failure of the orbiter attributable to this zone. This value was
determined by calculating this probability for both initiating events and then summing
1o obtain the results. The boundaries of the min-zones have been simplified: the
‘number of tiles in cach area is only an approximation and is not based on an actual
count. The location description is only intended to provide 2 rgugh placement of the
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Figure 23: Partition of the 'orbiter‘s.s
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b PLOV) 104

1 1111 - Right side, under crew 156 0.87 0.36 1,23
2 1111 Right side near main ldg gear (att) 156 0.87 0.36 1.23
3 1121 Right side near main ldg gear {twd) 676 013 1.62 , 1.75
4 1131 Left side near main ldg gear. 780 0.00 1.87 1.87
5 1211 _Centerline under crew '+ , 364 051,022 073
6 1311 Lett side, under crew . 312 041 '0.04 0.5
7 1311 Center of right elevon 104 0.04 0.01 0.05
B 1331 'Centerof left elevon T 104 0.00 0.00 0.00
g 2112 Right side, fwd mid edge ’ © 624 1,73 0.75 2.48
10 2121 Center of body flap . 208, 0.02 024 0.26
11 2131 Left wing, center ‘ 468 0.00 056 0.56
12 2311 Right side, mid edge 1664 0.30 0.13°  0.43
13 2311 left side, mid edge 1196- 0.21 0.08 0.29
14 2312 Left side, fwd mid edge, P 572 0.10 - 0.04 0.14
15 2321 Right side, nose h » P 277 0.01 0.02 0.03
16 2321 Left wing, center i 832 0.01 0.06 0.07
17 2321 Right side, body flap : 104 0.00 0.01 . 0.01
18 2321 Left side, body flap . 104 0.00 0.0% 0.01
19 2321 Right wing | 2132 0.18 0.16 0.34
20 2331 Left side nose L 312 0.00 0.02 0.02
21 2331 leftwing, twd 5768 0.00 0.13. 0.13
22 2332 Right elevon, outboard R . =12. 000 |0.02 002
23 3112  Right wing, center - 364 - 0.01 0.1 0.02
24 3122 left wing, center . 468 0.00 0.01 0.01
»5 3122 Center, payload bay fwd 1664 . 0.00 002 002
26 3132 Center, payload bay aft - 1976 0.00 0.02 0.02
27 3132 Rightwing, center - 468 0.00 0.01 0.01
28 3222 Center, payload bay, mid ' 520 0.00 0.00 0.00
o9 3312 Right elevon, in board 312 0.00 0.00 0.00
30 23312 Right wing, center : 416 0.00 0.00 0.00
31 3322 Leftelevonin/ center body flap 728 0.00 0.00 0.00
32 3332 Left elevon, outboard 572 0.00 0.00 0.00
33

3332 Center, aft 1040 0.00 0.00 0.00

Totals 5.09 6.79 11.88

Table 8. Identification of the min-zones and their contribution to the probability of LOV

74

F i

o~

r'\-\




FZ " 39dd LPecesezec
: _ cCitl Y

‘ Paté-Comell and Fischbeck

min-zone. No attempt has been made to use orbiter notations. The final numerical

results of the model are presented inthe nght hand column as multiples of 10° -4, The
‘4 Again, it is important {o remgmber

ltude, but their relative values
nalysis, the total

probability values are mostly in the order of 10
thiat the lmportance ‘of the numbers is not their magn
when compared to each other. Accordmg to our goarse numerical a
prabability of losing the orblter on any gwep massson due to
order of 103. Nt is mterestmg to note 1hat approxnmately 40%
atiributable to debris- related problems and that 60% comes from problems of
debonding caused by other factors. By scanmng the columns it appears that a few

of this probab:hty is

min-zones contain most of the risk. : : L i

Usmg a nsk-per-nle mea
their criticality with respect to the two types of mmatmg events, and to the total

probabliity of fallure The results are shown'in Tables 9 and 10 Table 9 displays the

contribution of each min-zone and of each tile to the probabmty of LOV separated

and debonding due to other factors. Table 10 shows the con

into debris
In thls table we show

euch tile and each min-zong to the overall probabmty of LOV
fcr each trle a risk-criticality factor that is prooomonal to the relatwe coptnbution of
accountzng not only for the ioads applied to
thls tile but also for the consequences should it fail. This nsk-cnticahty factor is the

point of reference that will' be used in ths seccnd phaS° of the study to set priorities
to improve tile reliability.

ths tile to the overall failure probabriity,

armong different management measures designed

A slightly different graphic represeniatlon of this fable is displayed in Figures
. 24,25, and 26. ltis possible from our results to identify the most sensitive min-zones
by ranking them by order of individual tile criticality. One can then plot the marginal
_increase of the fallure probability for each added min-zone, the siope of each

segment representing the (decreasing) contribution of each tile to the failure
t represents the addition of the next most critical min-zone.

probability. Each black do
pacing between the dots, the larger the number of tiles in

The greater the horizontal s
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Debris Debonding
' \b#  P(LOV)/zone P(LOV)Aila | 1D# PLLOVYizone P(LOV)itile
* 0.00E-4  0.00E-8 0.00E-4  0.00E-B
I . o870 55770 | 4  1.870 24.000 |
2 0870 55770 | 3 -1.620 24.000
g 1730 27.720 | 1 0.360 ' 23.100 '
, s 06510 14010 | 2  0.360,'23.100 |
6 0.110 3865 | 9  0.750 ' 12.000 '
7 0.040 3.365 [11  0.560 12.000
3  0.130 1923 |10 0:240 11.500
12 0.800 1785 | 5 0.218  5.990
13 '0.210  1.781 | 6 0.045  1.440
14  0.100 1748 | 7 0.015  1.440 ‘

10 0.020 0.961 |15 0.023 0.829
19 0.185 0867 [12 0.130  0.781
23 0.010 0.274 |16 * ' 0.065  0.781 o

17  0.002 0.192 | 21 0.133 0.752 , l
18  0.002 p.192 [ 14 0.043 0.752

15  0.003 0.108 | 20 0.023 0.737

16 0.008 0.096 | 22 0.023 0.737

4 0.000 0.000 | 19 0.156  0.673

8 0.000 0.000 |17  0.007 0.673

11 0.000 0.000 | 18 0.007 0.669
20 0.000 0.000 |13 0.080 0.137

21 0.000 0.000 | 23 .0.005 0.128

22 0.000 0.000 | 24 0.006 0.128

24 0.000 0.000 | 27 0.006 0.121

25 0.000 0.000 | 26 0.024 0.114

og  0.000 0.000 | 25 0.019 0.038

27 0.000  0.000 |28 0.002  0.000

28  0.000 0.000 | 8 0.000 0.000

29 0.000 0.000 | 28 0.000 0.000
30 0.000 0.000 {30 0.000 0.000
31 0.000 0.000 | 31 0.000 0.000
32 0.000 0.000 | 32 0.000 0.000

33 0.000 0.000 | 33 0.000 0.000

" Table 8: Probabilities of Loss of Vehicle due to tile fallure initiated
(1) by debris damage and {2) debonding caused by tactors other than debris,

for each min-zone,

and each tile in each min-zcne:
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.ID#'

F(LOV)/zone| P(LOVI/iile Aisk | Number of | Location

| ©0.00E-4 [ ©0.00E-8 | Criticality Tiles .
' ' b 0-100 scale '
1 1.2300 | 78.800| 100 ' | 156 |rt under crew N
4 1.2300 78.800 100 156 : |n maln gear aft - '
9 2.4800 | 39.700 50 624 |n twd mid edge |
1 3 1.7500 25.900 .33 { ©676 n main gear v
-4 1.8700 24.000 30 780 It main gear
5 6.7280 20.000 25 1 364 center crew ,
10, |  0.2600 :| 12.500 16 . 208 - |body tlap cen
11 | 0.5600 12.000 15 468 |wn wng cen out|.
6 0.1500 4.810 6 312 |1t crew 1
7 0.0500 4,810 6 104 | elevon cen
12 .0.4270 2.870 3 1664 | rt side mid edge
14 | 0.1430 2.500 3. 572 |M.fwd mid edge . |
13 0.2830" 2.450 3 1196 |it middle |
1:19 | 0.3410 1,600 2 2132 - |1t wipg :
{ 15 0.0260 .. 0.938 1 277. |nnose .
16 0.0730 0.877 1 B3z it wing outboard
- 17 -| 0.0090 - -0.865 1 104 |body flap rt’
18 0.0090 0.865 . 1 104 - f[body flep it
21 0.1330 0.752 1 1768 it wing forward
20 0.0230 0.737. 1 312 % nose
22 0.0230 0.737 1 312 n elevon out
23 - | 0.0150 |  0.412. 1 964 | wing center in
24 | 0.0060 0.128B <1 468 |1t wing cantef in
1 27 | o.0060° | o0.12871 <1 468 - |rtwing cen out
.26 0.0240 0.121 <1 1876 center bay aft
25 0.01980 '0.‘_11'4 <1 1664 center upper bay
28 0.0020 0.038 <1 520 center mid bay
8 0.0000 0.000 <1 104 it slovon center
59 | 0.0000 |- 0.000 <1 312 |t elevon in
30 0:0000 0.000 . <1 416 |t wing cen
31 0.0000 0.000 <1 728 It elev/body flap
32 0.0000 0.000 <1 572 it elevon out
33 0.0000 | 0.000 <1 1040 | center aft

Table 10: Risk-critica!ity tactor for each tile in each min-zone
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v |
‘N’H?. zone. Several small mm zones contain a large part of the risk (those with the

steepest slope), whereas several very: Iarge mm-zones carry only a small part of the
risk {those with zero slope). Figure 23 shows the contnbutlon of incregsing:
percentages of the nles to the risk for debris-initiated damage ‘Note that, for failures
initiated by debris, ' 80% of the risk is due to oniy 8% of the tiles. For debondmg
problems that are not caused by debris, the cbntrzbutlon of increasing percentages of

tiles are shown in Figure 24 80% of the nsk rs due to '13% of the tiles. lFInaI[y, the

overall result is shown in Figure 25! for the total risk, inciuding both initiating events,
8(1% of the risk can be attributed to 14% ol the tiles. ‘It js Imponam 1o remember that
the same tiles do not necessarily appear in the same order in each graph. Clearly,
some 20nes pose a much higher risk for one type of |nlt|atmg event than for the other
Fsr example, min-zone 4 located near the left main gear has not hnstoncally
ecpenenced significant debris damage and’ 1s not on the obvxous trajectory of
tractable debns so, the probabthty of LOV due to TPS debris damage in that zone is
basically zero. There are, however, some crmca! components that are temperature
sensitive under the skin in that area; $o, the nsk of LOV due 1o debonding is non
negligible (1.07 x 10-4). o L

L

1 . |

. 100 : /M‘.——b.'—-‘»——“ﬂ”—l
L= o .

- » . ‘

2

® B0

A {

-

» B0

2

]

— 40

e 20

R

& " +0 20 30 4o so 6o 70 80 90 100
% tiles

Figure 24: Relative risk of LOV due to debris-initiated TPS damage
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" Figure 25: Relative risk of LOV due to debonding-type TPS damage.
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Figure 26: Relative risk of LOV due to both !yggs pf TPS daﬁnag:e |
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4 Sectlon 5:
EFEECTS OF ORGANEZATIONAL FACTORS ON TPS RELIABILITY:
MAIN PHELIM!NARY OBSERVATIONS

o b : S
5.1 Er risk : - , -

Well-bonded tiles are very unlikely 1o debohd even under moderate debris
lvads. Given the temperature gradlents measured mSIdB the tlles dunng flights, it
has been determined that the liles absorb most of the heat within a fraction of their
-thICknBSS and that they are very unlikely to burn, even cons:denng a wids range of
r-entry scenarios. If the tiles are to fail, itis hkely to be because they have been
vieakened and/or hit by debris. The problem is that cne does not know which ones
&re weak. Human errors (past and presenx) are at the source of at least three of the

SU dad

fundamental causes of tile failure: (1) decrease of tile capacity because of -

undetecﬁted partilal or weakened bonding, (2) increase in the heat 1oads due to
roughness of the orbiter's surface (caused, for exampie by prmrudmg gap fillers),
and (3) pooriy-installed and maintained insulation on the SRB's and ET that fiakes
off during ascent, damaging the TPS. These human errors are ofien the consequen-

ces of the way the organizations (NASA and 1ts contractors) oparate

in the second phase of this work, we will explore to what extent
prganizational procedures (for instance, those ihat induce time pressure and
1urnover of the personnel) are at the root of these mcndents Rules that apply
uniformly across tiles of widely variable risk-criticality, and rules that do not account
for the possibility of system weakening over time rmay become major contnbutors to
‘the overall risk. Furthermore, the scope of the research cannot be strictly ‘imited to
1the TPS. Procedures and management decisions regardmg the maintenance of the
insulation of the ET and the SRBs also affect the reliability of the tiles since they are a
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source of debris. Fmally, in ihe long term, weakening of the tile system due to
repuiated load cycles exposure to envxronmental conditions on the ground, o

chemlcal reversion, may become a dominant factor of the failure risk. The prbblem

of clptenorat:on over'time may not pe (and is not likely to be). of immediate concern

ell- bonded tiles, but may become a cntlcal factor for those tiles whose capacities
Therefore, in the

for w
have been reduced by defectwe mstallatson and malntenance

second phase, we will examine closely the procedure
PRA model to sgg how the reldtive contributions pf_each of these factors affect flight

safzty. ‘ |

[ ! i

in addmon the structure of the organizaﬁon and its peripherais (NASA: plus
Lo| kheed Rockwell etc.) and the rules that determme the relations among these

semng comracts pay scales, and ince ntlves as well

-orqamzatnons (for example, in
s aﬂect flight safety to the extent that

as, schegdule and budget constramts,) may
rrence and severity of human errors and thelr probabnmes of

4theay determme the occu
been recommended

_detectlon Some orgamzatlonel mprovements (whlch may have
y a minor effect on the

before and ignored for vanous reasons) ‘may’ have on!
n'todel will be

re'iability of the orbiter; others may be essentlal soon. Our analyt:cai
used to determine which of these factors ac:tually affect the probablhty of failure of the

tiles (and consequently, of the orbiter) and by how much Fmally.
e beiow the low status of the tile

ths culture of the

orgamzez:on may also play & role. As we describ

wizrk may induce low merale among ‘'some tile technicians.

behaviors of other workers towards the tile techniclans may be a significant source of

acditional work load and time pressure

aced back to these orgamzatlonal factors) can

Errors (most of which can be tr
designed to guide the choice of

b~—_classmed using a taxonomy which has been
management improvements (Paté-Cornel, 1990.) Errors are categorized into two
groups: gross errors (uncontroversaal mistakes,

arrors of judgment under uncertainty (for instance, the decision to live with a
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problem that seems minor --but may not be so-- until the next flight in order to
clpcreése the work load.) Gross errors generally call for improvements of the hiring
and trammg procedures, mspectlon and quality control and information' flow; errors
of ]udgment generally require ‘modification of incentives and rewards lmprovement

in the treatment and communication of uncenrainties, and adaptatlon of the resource
n::.ons:traints. - g '

5 5 Prelimlnary observations ' o

In this preliminary phase, we identified the following factors as possably
affecling the efficiency of lile risk management: (1) time pressures, (2) Iaabnllty
soncerns and conflicts among contractors, (3) turnover among tile technicians and
low status of tile work, (4) need for more random testmg, and (5) contribution of the
management of the ET and the SRBs to TPS reliability problems. The study of these
'factors will be the object of the Phase 2 of this work. .The foundation of this analysis
will be the risk-criticality of each tile so that limited resources --for example, the
limited number of tile inspectors-- can be dnrected first where the probabthty and the

consegquences of tile failure could be most severe

5.2.1 Time pressures
Tile maintenance is often on the critical path to the next flight, specially after

ITIISSIOHS where tile damage has been extensive. People who find themselves under
time pressures sometimes cut corners. For example it was found in January 1989,

1hat a tile technician had added water to the RTV mix in order to make it cure faster.
Adding water at that stage {or spitting in the RTV) may decrease the long-term
reliability of the bond the catalytic reaction, which occurs during the curing, may
reverse earlier and thus increases the probabillty of debonding under different types
of loads. Time pressure is also probably the cause of more frequent errors, such as
the misalignment of the tile/SIP system with the filler bar, so that only a fraction of the
surface of the SIP is in contact with the orbiters surface. Time pressures may be
‘undvoidable, but some organizational imprgvements may attenuate their effects,
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f

first, by reducing them whenever possible and second, by increasing tile quality

3
1

i
|}’

caontrol in the most risk-critical zones. |

1 L]

' "The tzme pressure under whuch the tile personnel operates can be reduced in
vseveral ways. First, automation of step and gap measurement (using laser devices
, ar.d 'sutomnatic data recording systems currently under development) may result not

_ orly in a significant reductnon of the processmg time,’ but also in a decrease of the

foughness of the orbiter's surface. Second, s1mphfymg the paper work for the tile

terhmcnans wouid allow them to spend more time workmg on the tiles and less tlme

sruffhng papers (an apparent source of frustration). Thnrd it seems desirable to

avoid over monitoring. For example, 1mposmg dajly targets (as opposed to weekly

ones) for the number of tiles to be. processed may. ‘decrease the variability and the

-_f|E')§lbl|lty needed for optimal performancs | and system reliability. Fourth, time

e may be alleviated by reducing the access time to data bases and

pressur
enance at

_m ormahon that is necessary for prompt maintenance. dec:snons The maint
K‘RC is done by Lockheed, while some of the relevant data bases are controiled by

,H|.ckwell NASA may want to lmprove the transfer of mformatlon from one to the

other and/or wnthm these wo organlzanons : ‘

| 522 Llabalntv congerns and conﬂlc:s amonq contractm:s
F!elatzvely harmonious relations have besn instituted among the people who
wc:rk on the tiles. They share a common concern for the safsty of the system despite
obvious sources of conflicts. Rockwell and Lockheed are In a competitive sntuatlon
which does not glways provide incentives to rmake the others work easier. Among
o-her factors, the liabilities of the main contracters are such that they occas:onally
s to' withhold technical information (for legal and contractuai reasons)

eful (if not essentnat) for the performance of the other. These decisions
There are ways of

ooperation and

have Incentive

that may be us
may be justified given the ways the contracts have been set.

d handling contracts that improve incentives for c

writing an
s implies that contracts

encourage the sharing of relevant techmcal mformat:on Thi
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. : . ! ooy
thzt affect the same subsystems (€.g., the tiles) and are signed with different firms
carnot be managed mdependently The positive side of this competition among !
cortractors is that there are no incentives for complacency and strong motivations to' |
delect and correct errors made by the other. There are, however, strong incentives to

' t

hicle those made by one's own company.- .
: l

Ly
52.3 Turnpver amono tile techmc:lans and low status of tile work \ ,

The turnover among the tne mamtenance pérsonnel is high. Because tile
technicians are classmed in the low-pay category of matenal (fiberglass) technicians
(a practice that NASA apparently mhented trom the DoD), many of them leave their
tilz maintenance jobs shorlly after compienng the training ‘program and obtaining '
certification. Organization experts generally believe that high turnover is
mcompahble with learning (mdwtdual and organnzatnonat) and optimal performance.
Therefore, this turnover might affect TPS safety due to inferior guality work by less
e <penenced people. Protruding gap filiers, for example are caused by poor quality

nstallation end are & probable cause of. earty boqndary layer transition (Smith,
1389.) This condition may not, in itsell, threaten thght safety unless it is coupled with
other factors. It does decrease the overall TPS reliability. and may be an adverse
result of high turnover and the correspondmg lack of expenence of the work force.
Cin the other hand, according to some of the, technicians, the old-timers may not be
as respectful of "the book" as the newcomers. Assessment of the net result of
inexperience and complacency requires a study of the coupling between time on the

job and occurrences of errors.

" The low-paying job jactor may have other indirect, negative effects on the
reliability of the tiles. Because of the low consideration that other categones of
technicians seem to have for tile work when doing other types of technical work on
the orbiter (e.g-. mechanical, or electrica!) other workers do not pay sufficient
attention to the integrity of the tiles. They damage liles frequently (if not seriously)
ihus adding considerably to the tile maintenance work. Therefore, the low status of
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the tile workers, grounded in the pay scale, may have several detrimental effects: (1)
a waste of money in fraining tile technicnens that Ieave the job as quickly as possible,
(2) low morale for some of them, which is seldom conducive to high- quallty work: and
(3) the "no respect™ syndrome on the part of other technicians who carelessly
damage t:les The result is &n mcrease of tlme pressure for a system that is. already

"the long pole™ a large part of the time. In the end these factors may encourage

|

derimental corner-cutting in-tile processmg

A The original tile work and subsequent mamtenance work has not always
Cbeen perfect. Some of the tiles have been only. parhaﬂy bonded and, in a' few
instances, not glued at all. For example, |n November1989 it was found in that one
tile on orbiter Columbia had been holdmg for several flights by the fric’uon of (or
perhaps some RTV adherent to) the gap fillers. The 1act that this tile held and did not

cause an, accudent was called "a miracle™ by. the personnel who discovered the

prablem. How "miraculoys” can be determined usnng me risk assessment model. (In
-fal.,t according to our estimate, the probabllny of debondmg is 10-2 per flight for,such
~atle, makmg the probabnhty of debondlng in five flights in the order of 5%) Because ‘
.of these hidden weaknesses, it .may be desirable to do more random,

_nan- destructwe pull tests of the black tiles between flights, focusing on the most
risk-critical areas of the orbiler's surace in order te detect and replace the tiles that

are far below the expected capacity.

In addition to the possibility that prewous work may not have been perfect, the
possibility of long-term deterioration of the room-temperature vulcanized (RTV) bond
shouid be acknowledged and taken into account in maintenance procedures. This
calls (1) for additional random testing to monitor the possible chemical degradation

i the RTV after repeated heat- load cycles, and (2) ior the development and
zmplementaxlon of non-destructive and, if possible, non-pull testing of the tiles' bond,

to be applied in priority to the most risk-critical tiles.

| | 85
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525 Contribution of the management of {he ET gnd the SRBs to TPS

ghan ility; _ ‘

A significant fraction of the nsk of TPS failure is due to debris, in particular,

pleces of insulation from the external tank and the nose cone of the solid rocket -
beosters. In addition, tiles are much more likely to debond under the shock of
chunks of debris when they are already loose or less than comp!eiely bonded. By
b:xcktracklng the computer-simulated trajectories of pleqes ‘of debris from the most
risk-critical paris of the orbiter surface back 1o the corresponding pars of the surface
of the ET and the SRBs, it may be possrble to identify which parts of the surface of the
ET and the SRBs should be given special attention in the treatment of the insulation.
pdditional testing should, therefore, be performed for tiles located in zones that are
most likely to be hit by SRB and ET insulation debris. !

For each of these organizational factors, the ’anaiytii:al procedure Is to identify
the decisions that they affect, the errors that they can cause, the frequency with which
they occur, the nature and the severity of the resulting errors as a function of the
severity of the conditions, and their effect on the probability of failuré of the system
using our PRA model. The efficiency of possible management Improvements can

! then be roughly assessed so that efforts are concentrated where they can provide

the greatest benefits. This assessment will be the objectlve of the second phase of

this study.
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Section 6:
. CONCLUSIONS

[
' ) ,

The results of our model 5 1llustra1|on suggest that the probablhty of loss of an.
ori iter due to fanure of the black tiles is in the order of 10 -3 with aboutHS% of the
ule's accounting for about B0% of the risk. If one accépts the rough NASA gstimates
that the probabshty of. Iosmg an orbiter ls inthe order of, 10 -2 per flight (Broad, 1989)
ard that a significant pan of itis attributable to the main engmes, then the proportion

of the risk annbutable to the TPS (about 10%) is not alarmmg but certam%y cannot to

be. dlsmlssed (Our probabnlmes are coarse numbers that.can be refined in the

second phase of the work but they are probably |n the ball park) A cntlcal |ssue js:

:how will these probabmtles evolve in the years to come" On one, hand the quahty

of the tile work and the detectlon mechamsms for deiectwe tnes are expected to
improve. On the other hand, exposure o repeated ioao cycies and environmental
conditions or chemical reaction mey detenorate lhe system's peforman{;e capacity

‘unless closely managed. S .
. i . e 1

_ One of our key fmdmgs is that 1he most nsk-criticaf tijes are noi.a-ll in the
hu,ttest areas of the orbiter's surface. ‘We mtroduced in this study, the noti'on of
risk- crmcalny and the computation of a risk- cnr:cahiy index to account for the lcads to
which the tiles are subjected and the consequences of their failures given their
location with respect to other critical subsystems which they protect (functionai
This index can serve as & guide to set management priorities, for

criticality).
al replacement of the tzles focusing first where tile fanure

example, for the gradu
could be most damaging.

well-designed, manufactured, bonded, and maintained liles are extremely
unlikely to fail. A large fraction of the risk seems 0 he attributable to files that are
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only pamaily bonded, or to those that are not bonded at all and are held in placs by’
the gap fillers. Management assumes unnecessary risk by denying that errors have.
oGe urred and will occur again and that, consequemly. the capacity of the TPS is
reduced. To assume that all work is perfect leads 10 a potentially gross l
underestimation of the risk, rendering the maintenance proqedures based on this
as,sumpnon of perfection suboptimal. What the actual magmtude of this pan ofthe:
risk is and which organizational improvements can bring ‘the greatest ‘risk-reduction
penefits will be studied further in the second phase 'of this study. This part will
irvolve & systemaﬂc analysis of the maintenance process 10 identify the ditferent
types of errors (past and present), their rates of occurrences, their probabilities of
detection and correction, and their severity levels (1é , by how much they decrease
the system's capacity in each case). Relating {hese errors to the organizationial
factors described in the previous section will allow us to identify management
improvements, their costs, and their expeciled positive effects on the TPS

performance.

Aﬁer the completion of the first of two phases of research, pur preliminary
conclusions are that it is desirable: (1) to expand the current concept of criticality for
the tiles (to include functional criticality, as well as the heat loads in & risk-criticality
'rneasure) (2) 1o adapt the inspection and maintenance procedures to focus in
priority on the most risk-critical tiles, and (3) to modlfy the existing data bases to
include the nsk-cntlcahty factor for each tile.
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; Nucle ar o . i One Upper Pond Road
“ t ' . Parsippany, New Jersey 07054
o ' 201-316-7000 _

L ‘ ; . _ TELEX 136-482
writer's Direct Dial Number:
1
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May 18, 1990 , | ' ,
o ]

t

prof. Elizabeth pate-Cornell ,

Department of Industrial Engineering . : :
stanford University '

stanford, CA 94305

Dear Professor pate-Cornell:

on behalf of the American Nuclear Society Nuclear Reactor ,
Safety Division, I am pleased to inform yol that your paper, '
"Drganizational‘Extension of. PRA Models and NASA Application"

(which was presented at the PSA '89 Conference in pittsburgh, '
Pennsylvania), has been selected for a Best Paper Award. This ~

award was determined on the basis of 2n evaluaticn by the

Technical Program Committee members for the PSA '89 Conference.

As I mentioned to you on the phone, arrangements are being made
to recognize you at the NRSD Annual Luncheon .on Wednesday,

June 13, 1990 in Nashville, Tennessee (in conjunction with the
ANS annual meeting). At that time you will be presented with a
certificate. The luncheon will begin at 11:30 a.m., you will
be seated at the head table, and your luncheon ticket will be
complimentary. ‘

Congratulations again on receiving a Best Paper Award.

Yours truly,

Donald N. Grace .
Chairman, Honors & Awards Committee, NRSD

cc: Dr. Raymond DiSalvo
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Y

b /OF PRA MODELS AND NASA APPLICATION - !

Efisabeth Paté-Comell

Co L " . Depanmenm &f 'ndusirial Enbins’e}ing o

NN .and-Er_lginéering Management -
-~ 1.Standord Univarsity - L
: '{_415) 723-3823°: -

ABSTRACT -~~~ © ' o

- Vi g ot c e

‘ This paper descrbes a pfobasilisic methed whiéh exiends
classical PRA t3 include some chafacleristics of the organization . .

engingering system. Alaxo nomy of

o

that processes or manages an

Tharmai Protéction, System of the Space Shunle is used s an

iustration, : The modal allows ‘assessmert of the bonefts of '

organizations) improvements of ,_lpgp'r:?hjts processing.
PROCESS ANALYSIS IN RELIABILITY MODELS " " g

The quemitalive analysis of the refability of an enginsoring
system such as & nuclear power plard o tha space shutile aliows
identification ci its diferent taikire medes and computation of thair
probabiliies, Therelore, R permits & decision maker 1o choosa,
1schnical solusians that meximize an objective function (inchuding
reliadility) undis; rasource consireins. This means, for instance, the
choice of deskn characigristics Mat minimize the probability of
failute curing ihe lifetime of the sysiem under constraints of costs,
time, and peronnance. : o ’

Technial modiiications, howevef, represent only ohe class
of risk managament strategies. When a eystap’s failure is sudied
& posterion. it s ehan pained out thal what sesulied In a lechnical

tailure was schiaily rooled ina structural of funclional tailuze ot the .

organization. This was the case, for exarmpie, ol the accideniof the
space shuttle Ghallengarwhers a number of organizational tactors
contributed' 1y NASA's gecision o launch under unaccepable
remperalura onditions.' Thesa prganizational factors include, for
example, pecgraphic gispersion (thus, sometimes, poot communi-
_ cations), time constraints, and pressures of publc relaticns. Modik
fications and Improvements of the organization ksl may address
some af the reliabilty problems at 3 more fundamental level than
sirangthening the engineering desigh alone. * Such modifications
include, for examgle, improving communications, satting effective
waming systsms, and gnsuring consisiency o standards acrosy
the organizaion.? o -

The ctjec ot this paper is 10 discuss 4 quanthative approach .
to e analyzls of the ehecis of organizational teaturas on system

reliabitty. Thé principle is to compute the probailly of oeurrence
of the basic sverts in greater qepth than it is genarally gone In

7oA CT:hT P C  nad

el e

. classical PRA by jinking this probabiity 1o the indusinial process
“ ksef. * TN@ “method invaives explict assessmen of ihe stlect of

managerial procedures onthe probabilty of fechnical failures and,
therstare, allews exlension of 1he vaius ol inlormatioh of conven-.

- tional PRA, By assessing sxplichly the refabllity berigfits of crgan-
errors s presgited and thair organizational joots até pxamined. An 7 zationalImpovem '

assambly .moual. is ‘proposed for-the “gnalysis’ of the resubing . ’
spectruim of capachies of the sysiem. The ‘mahagerneit of the

ants along with jechnical ones, the resyhs aliow’

" saning priofiiied among salaty Theasures that go beyend 1echnical
*. - inodifications alone, T o

e Natlonal A@ronauiies and Space Administration (NASA)

- presemis some organizational festures that influgnce #s modae of
- pperations and s the reliability of s space Sysleme. NASA: 2
" High-visllity érganization, UnCAIain 30 _

“theretore, depondef on public relalions, It s alse (ragmented iniwo .

ariain abolt ks tunire funding and,

ways: goographically amarg space corers,, and oparationally

" afnong space prograrmd, Intha & ary 1960's, NASA geclded againsl
* probabilistic risk analysis, thus avokiing tho lesue of "how sale is

operation. Yei, foliowing the Chalieriger sccident in Jhnuary 1986
ahd tacedwith lang fist ot potential comections, NASA is beginning
to compiement its quathasive methods of isanification of the faikire
modes by quantitying probabilities and dopendencles ks recom-

Fate onough'-in.what is generally recognized 33 a high-risk

- mended by the Slay-Commission.*A current cbjective is clearly 10
* increase the eflectivenese ot the organization and the efticianicy of

osourca aliocation by seting priories among the lechriical solu-
tions 1o existing problems. Yet, as the Rogers Commission poimsd

out,! & s clear that some of NASATs reliability problems cannot be

- resoived by desigh modifications aigne becauss thelr rocts ate

organizational. The {ragmeration of the organization, the apparent
butfering betwesn engineors ans managers and the divergence of
their risk perceptions,’ difticuties ot saming given the scafcity of

usable trend records, ali these facters have coniributed 1o the

vuinarability of space sys1ems operations. Thase efiects, however,
vary among the difterent subsystems according 1o their physical
and wnctional characteristics and 16 the feaiures ¢f the managing

organizations.

The Thermal Protection Systam (TPS) of the space shuttle
provides an example of the coupling between technical and prgan-
izational problems. it is & complex gystem that ts desighed, manu-
{actired. processed, and malmained By several oryankations. tis

~ made of black and whig 1Bes (aboddt 24,000 on the orbhar Discav-

ery), reimorced cardon-carbon in the hotiest zones, therril blan-

Kets in colder zones, and Ysxible insulation. The tleg themselvas
are anached by & special bond (RTV) 102 flsxible pas designed 1o
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absorb the bending of the orbiter's surlace. The pads are bonded to
the aluminim skin (isell covered with a primer) by the same RTV.
The TPS =an !ail in three ways: debonding, bum-through, and
gamage by impacts. Il is subjected to a set of exiemal loags, some
o them mastly prediciable (ke vibrations and heat under normal
operaling tonditions), some of them mare random like debris.
Imponant teatures of the PRA moda! tor 1he tiles are the polsntial
lallure depencencies from 1ile 1 tila, and the coupling between
failure of 198 TPS and failure of the subsystems located directly
under the :3uminum skin of the grolier. '

The management of the TPS presents many chara.c_teristi;:s

that arg typical of the linksge between organizations and reflabllty. -

I involves several organzations dnd Conracions In aifierom places
{incluging Rockwsll, Lockheed, and NASA, at Kennedy Space
Center ants al Johnsen Spaca Center) and procedures that were
mostly developed for the initial shunle construction and not fera
long term traimenance program. The TFPS inspection and malme-
nance procodures are extremely [abor imensive and time consum-
ing, and anyoiten onthe criical pathtothe nextlaunch. Thetraining.
dedication. snd tetivation of ihe parsannel involved in this process

is criticalto the raliability of the sysiem. The current proceduira relies -

mosily oniraimensnce on demand. Although destructive pulltests
are pertontad for @ small sample of tiles, in most places, the
problems (32sed by the aging of the bonding 8ré not addrassed
directly. Tha recorsing of operations involves 8 mass of paper
documentsi. Furihermore, 1he procecure Involves some proritiza-
tion among| tha TPS elements based on qualitative judgmernts, but
no systemitic priorities based on a quantiative assessment of tha
risks of failura due 10 tilas’ locativn wilh respect 1o cther critical
systems. . .

A r4w method 1o automatize the Inspection of the tiles ks
curremly baing implemenied.” An important aspect of this method
Is that #t griratly simplifies the cusrent lasky ¢of ebserving. communi-
cating, stonng, Bnd retrieving inlormation conceming the curem
state of the tlies and thelr past performance. it shoukd, thereiors,
increase i rekatiity of 1he inspection and mainteranée spera-
tions. By accelerating the procesa, automation may alsc, in many
instances, take the liles off the critical path 1o the next launch. The
gain In shultle reliablity betwe an manualinspection and automation
is & lunction {1) of ihe Initial conirbution of the TPS to the overall
faliyre risk and (2) of the gains made in TPS reliability. One specific
i5us thal can ba addressed by the extenslon of PRA describod
here is the bensfit of accounting forthe ralative crucality of the lles
in ditferen iocations on the orbers surtace in the management of
the TPS. TTs may result In increasing maimenance ofons in key
araas suclias the surface covering ihe hydraulic command sysiem,
tant aiso, femaps, special monftoring of the Instaligtion operations
for these 1nosi criical reas. Ancther issue thal can be addressed
by exiansion of PRA as deacrived here s the relative imponianca &l
the management of the TPS asen and of the management of other
systems that are sources of debris (e.g., the externgl tank ingule-
tion) in tha) everall reliabilty of the thermal protaction function,

INTEGRATION MODEL

Pnsbabilistic risk analysis [PRA) far enginsering Systoms
aliows identiication of their weake st pans through quamHication of
the probaitities of the differest laiure modes (384, for axampie,
Mgniey and Kumamoto).* Extension of the PRA model permits more
explici co sideralion of major erpaniational charpcteristics® (struc-
1P, procdures, and culure'?) that atfect the reliability of opera-
tions, specially in situations of disiriuted cecision making.” The

8z:£7 £ S8 434

‘methed Bxiends the scope of PRA through a Bayesisn analysis of

the saquence af tasks 1o be pertormed In the process otidesign,
manutacturing, inspeotion, mainenance, and operations, and the
computalion of the prebabilities of lechnical as well as organiza-
tionalfailures that can aftes the system's reliabilty. The reascning

. Involves gnalysls and exlension of erfors to Include het only the

classical operators erors but alse erors that are due 1o the
procedures and structure of tha orpanization. An essential distine-
fien js made here between gross erors and errors of judgment
because ramedial actions 10 address these rwaﬂrypn of problems
may de of different nature.'* )

The first pﬁnuo is sn ahalysis of 1he process*? (e.9., engl-
neering, maintanance, and operallen) in order to Identity what
consiituies "normal parfermance” and potential problems with their
probabiltles or base mise per time uni o per operalion, which
depend, among cther factors, on the organlzation’s culture and
Incentive structure, Giver that a basic error occurs, the nexi phase
(5 an analysis of the erganizationa! procedures and incentive
system 1o determine the probability that i is observed, recognized,

- ecammunicated, and comected in time (i.e., botors .causes & -

systemiaikure). The resulls of 1hese two phases is a computation of
the probabifities of the differen system's states cofresponding -y
possible types of structural detects ang, therefore, tocifferent lavels

_ ol systemy's capacity. The third phase i§ a probabiiistic risk analysis
" of thé physical system thet allows computation of the overail faiture

probabiity (1) under normsal circumstances, and (2) given potential

" weaknesses of the aiftarent elements and increase of their taiture

probabiiities, These thres modéets (process, organization, and PRA
for ditlerer kevels of system's capachy) ara imegrated using an
even trpe (or @n influgnce diagram) 1 compute the overall failure
probabilty and the relative comribution of dittarant acenanos {e.0..
ocalmance and correction of 8 given problem). Figure 1 provides a
schematic ilustration of the structure of this integration model,’

PRA FOR THE THERMAL PROTECTION SYSTEM OF THE
SPACE SHUTTLE: MODEL STRUCTURE

. APRA model cutrenly undet study for the TPS ol the space
shuttie reliea ona paniion ot the surace along severai dimensions:
{1)\ne extemal loads (malnly heat and debris) 16 which the orditer
can be subjected and that vary acoording 1o the location on tha

. orbiters surface and (2) the criticalfty of the ditlerent subsysiems

focated immedialely uncier ihe aluminum skin, in-ordar to allow
recommendations reganding the management of the relovam sub-
systerns, the mocel ks divided into two parts: the first pant is a study

of gebonding ana bumvthrough due 10 weaknesses of the bond,
hegt loads, vRxiions, etc.; the secand pan is a separate Stucy of

the impact of dabris, thelr sources, and thelr effecis on the TPS
rpiiability. In this papet, the acops of the PRA model is limited to Lhe
tiles located on the undemeath surface of the orbiter.

Flrst pant: debonding and ﬁum-mmugh (exchuding the effect
ot debris)

Figure 2 provides & schematic Tsiration of the paniion of
1he oders undemeah surtace for the first part of the analysis
{there Is no attempt at this stage to bocale realisticatly the different
zonea acoording 10 tempersturs and criticality). A minimal zone for
fmin. zone) is ah elemom of the fnal panttion of tha suriscse. Each
min. zone of index | is thus characterized by a heat Index (k(i)} and
a criticality Indsx (j(1). : '

The basic notations are the following:

'(.,
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‘Figure 1; St_iﬁi:{dfo of the gen

" Faiu

“Total nummbey ol tilas o he orlter .
1y of &riticalry area’ (ex: crticality of the min.

o HODES e n Ui TSt L
=" covenng thé hydrallic system)

index of temperature ared . ..

k c

i index of min. 26nds {, k) »> i; (i}

N ‘Numnber of taihg;_e.pqll;hﬂs_ln‘nin. zone L
no Number of tles in min. xone &, - ey

P17 Faiads of the Sirst tie” (initating fallir) in &
T taikite patch ~ o
F

It is assumed In Ihis phase of the analysls nat any failure
patah (of skia one of more) deveiops by the lose of a first tile (F:-

iniiating faiure for the pateh), followsd of nol by the fallure of

adjacenttiles (FiF1). The protability of losing the first tlle inapat¢h
depends on ihe faliurs mocde (dabending or bum-through):

P{F1} = BIFY, dsbonding) "+ oy, (F1, bum-through)

) Tﬁe}irobahi_ihy ol debnni!lng ® mumodw be indlepencent

qf_iiiigd rél\éﬁ_ﬁfﬁ époigl%rlnch.:ding organizatio

" Faiura ot fno cibher: 35 ol venicle and crow
. (LOviC) atlainch 1 primanly causad by lailureot
‘the TPS. . .. ycapsaabylaTre e

Fallire of ahy acjagenttis ghven inhiating (alrs

nal lemﬁ.ms'and'_-rrordﬁ.ledion cre ey
i A I oo N R R LN
oo 1 fthe locaticn on the orbiter) yvhe'reas the second tarm -
" (bumethrough) cepends on the lemperature componert -of the.. -
¢« mingzond descriptor k(i). e
Nevelopment ol a iailurg mateh of size M glygnthat fi slans jnmin.

i pI(M l| Fi) = PIN'F' l Fn “ix [1'9;||(F ‘ .F1n

] ¢ . . Ly .
© " This probabllity dependa on the temperatura of the min,
zone (Ingex k() . . . L B
, This aq;.lallan'aqurr;s that the Adé'\)e‘ioprhnfn of ditierent
- palches are independert avants and 1hat thete is no overiap of
" palchés, Le., that the product EV(N) x EV(M) is negligible.

EV(N) ~n x A F1) {» axpecied value of the numbe r
_ ofpatches In mln zone i}

Minh. ZONES!:

i=1 hot; criticel

i=2 cold; critical

1=3 cold; non criticel
i=4 . hot; non critical

- Figure 2: Qqub{e pa_n:hbq of the
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EV(M) = ) 1 1P fF' [ F1)] (= expecied vaive of the size
ol a paich condilional on its
! starl)

Fallucg attac orbtey due 1o @ oaich of size b:

Aspartol the gala, one naeds the probability ol failure of the

orbiter due 10 the development of a failure patch ol a given size in
a zone ol glven criticality. These data may ba obtained through an
analysis of the refigbility of the systems iocated under the arbier
surlace and their conribution to the pvarall refiability of the orber.
These protapiiales can ba used 10 defing critiality hselt. p{F) thus
depends or j(i), the cricality indoex of min. 2one i,

C pFIMe1) =B,
Pi("_ | M=2) = P
pf [M=m) « P,

Fal (1 pitgrdue N '1I ['b| i

Afailure ol the orbiter due 1o TPS fgilura in min, zone | occurs i any
{one ormarej ol Ihe paiches of min. zona Icausestailure, Giventhat
tailure picbabilities p(F1) and p(F’) sre assumed 1o be small, one
can wiite. -

pl= | Nq) » ax P,

inwhich f',is the probabilty that an arbirary palch in zona | causes .

failure. .
p. = z Bn XPl8i26 M)
Melloe . .
B n e Xl (DI
meiio=- '

irfinhy i USed as a convenion approximation of upper-
bounds ¥hen the probability of large values of ihe random variable
is sutticlurtly small. - o . .

p(F for zil paiches in min. zone )

v Y ptFN=Q x PN, =@
geitos

w2 p xqxpN-0Q)
qeite=
. g, x EV(N)
v P\x M XPGiFN
muxmmwmm -
Zp', xnXx p,‘,(Ft)

im0 4

Etfectnlaxiarnal eyanis

‘The prebabiiity of tailure is the sum over all values of the
extema! load X (0.9, maxtmum temperaiure it k ums ot Lo be
critical) of the probabilty gensity function tor X muhiplied by the
probabiity of failure of the orbiter condhional on X. .

PR «
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PR = Lf“[x) p(F | x) ax .
in the complete analysis of the exiamnal avents. it is netes-
sary 1o 1ake Imo accourt the ditterer phases of the llight in orderic
obizin a distribution over tima a! 1088 of irst tlie and a measure of
1ha gependence on lime ¢f ihe loss of subsequent tiles after o5& of
the first ane. ! ‘ '
3 |

Second phase: sk of fallure due 1o debris

i

_ The analysis begins wih the study of the sources of debris
{6.g.. inculation of the yxtemattank, Siher pans ofthe STS. external
objects) in order o cbuain tha probability of different scenarics
characierized by the nature and the size of debris, the impact's
location on the orbilers surtace, sndthe tirme ol impact during the
fight. This analysis leads 1o a description ol the Initial tlle damage’
{incuding probability of a hit tor 1ies In ditle raf zongés, distribution
ot number of ties inktiafly hit eanditionat on debris impact, severty
ol a failure patchis characlerized by tha possibility of muhiple ipitiat
tailures with cirfleten levels of save rity. The study of lunther sevek
opment of lailure paiches conditional on inklating {ailurels) and
consequem effect onthe troReris similarto tha analysls periormed
in the first pan. The main ditterence 1s that 1he analysis ol the ettects
of gebris invoives diffaren Jovels of damage severity.

MANAGEMENT OF THE TLES AND FOTENTIAL ERRORS
TS management and rellabifty '

The quallty of the process of design, manutsctying, insial-
Jation, inspection, snd malmenance of the tiles atfects the probabil-
ity of initial snd subsequan! taliures through tum-hrough of de-
bonding (p(F1} anc p(F'|F1) inthe previous modal). The quatity of
the managament of olher systems such asthe sxtomaltankihat ars
potential eources of debria aftects the probability andihe severity of

gamage due 1o cebris Impact in diferem locations of the orolier.

Given B3 sinucture, tha modal described gbove Can be used 1o
assess the gains of impovements in tha management ol ihe 1lles
and in the processing ol the erbiter threugh the Bs3easmem of he
changes in p(F1). p(F), and similar variables for tha case of debris

impact

For exampte, current malmonanca of the \llea dapends en
the expecied hesl loads (with emphasis on zones sych 33 the
leading edges of wheel ooors) the procadure is Independeri of the
criticality ol the sysiems tocated dinactly under the alurminum skin.
Proriization in the TPS processing a3 wel as the processing of
adjacem acurces of debris may be designad 1o decredse further the
probabiity of intiating tike failures In the most critical zones. The
rosuns cah then ba measured By computalion ol the overall risk by

the previous modsl using new values of inliiating failures. Another

example of improvement that can'be assessed through the modsl
s the development and the use of non dastucive testing of the
ATV. The probabiiities ot tailura p(F1) and p{F} inthe firstpartofihe
model Increase over lime with the number of flights of tha orhitar.
Non gestructive testing can indicate detericration of the bonding
and aliow timely roplacement.

in padilion to conscicus decizions such as ignaring the
aging phenamenon of uhlform inspection of the tiles. ermore can
ocour at avery step of 1he manufacturing of the difterem elgmsents
of the TPS (lcrexampie, 8 kad batchof RTV), ¢ the Inspection and
maimenance process (4.G.. WiDRg messuremen of siep and gagh.
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or 'oparations (e.0.. damage of the tlies during the pre-launch

processing of the orofier). In order 10 855858 the effectiveness of

organizational measures, It is necessany 10 ralatd efrars 1o their
organizational rocs. '

analys’s

Errors can result ether from piain mistakes on the panof
individuals, of from an inadequacy batween the organization’s

chatacieristics (structurs and procedures] and ha expectalions

abcul human, and system pariormances. Two major sources of

mismaich batween the individuai and the group may be (1) the’

inability of thu erganization to make-relevant information avaliable

in time 1o thegiucision makers at appropriais hisrarchicallevels, and

(2) an incoryaatibilty of geals and preterarices between different
jevels of managemer and specHic actors. The distinction bitwesn
information and preferences is imponanm because i loads 10 cifier-
ont types of ramedial actions. In the first cass, the problem @ a
cognilive one, calling 1or an improvement of xnowledge, indiviaual
leaming, ams access to imormation. in the second case. the
problem M3y be ane of compatiblity of goals, standards, and
preterences. The questicncanthanbe acdressed by moditying the
incentive sinjcture as well as the mechanisms by which rules ard
constraints ars sel and modilied. Appropriate change of rules is 1
direc: tesukt of the ability of the organization (as oppesed 10 the
individual) to leam wih sxperience. - : -

A tasonomy of emors that can be usaful in this analysis
assumes a nerarchial arganization in which niles, goals, and
constrairts {'goals” in Figure 3)are communicated by heaoquaners
of appropriate top managemen down the hiararchy. This analysis
focuses on actions that may lead 10 faiure (false posilves), Bur not
onthe rejecticn of good optichs {ralse negaives) thatmay resuR. 190
exampie, {roM excossive conservativenass. The preposed laxon-
omy relies n » distinction between prass srmrs based on lack of
knowledge ¢ accidertal stips, and Amers of iydomen (see Fipure
3). Gross onwrs are dsfined s eors aboul which averyone would
agree (inctuding tha persan of the group who made ine mistaka)
and the decision would be reversed i 2 ware resxamined. Errors of
judgment et in shugtions ¢f uncenaimy and invoive eithar at
inerpretaiior. of the existing evidence'* or a value udgmen con
gaming risk taking abourwhich & consensis may notexisl. They are
dafined here as decisions thatcould be ravaraed i the orpanizaton

_— AAAT A -~

Organizational roots of emors: @ general framework ol

.. Figure 3: A taxonammy of errors in orgafilations '

R
-

e e zos AT T R R L R
were made aware of them, Jor xample, because the inftial decision
involves misinterpretation of relgvant (but lmgedacq' ini_qma__tign

and/ot because himpiies 8 risk anhuda that does Not comrespend 1o
the objectives of top management. in agdition, efrors of judgmen

also Include pyogmenta and gecisions by top manageient tsef ¥
they aze incompaiicle with the vakues ganerdlly hikd by saclety @
‘am' . . - ¥Uotls RN

A more dstalied stugy of this 1axenorry and ta iiplications

is prosented slagwhare. ' The distinction betwoen pross smors and

I

the remedial actions'that can be consioprad, Gross srois ean’be

' errors of jidgment is essortial becauss i aetermines tha riatyra of :

atifbuted sither 10, cogniiive problemd of 1o miscemmunication.

" particular, suiticient iime and resources 1o do 5o}, and a thorough

checking mechanism capable of cboerving efors n time. The
organizational siructure st Incluce BpPropriate channels of infor-
rnation and functiors ef supervision and support. The organiza-
tichal procedurbs must provide appropriate training and Incentives
ot only &6 decision makers b alsd 1o supervisors in order to
snsure that checking and guality conrol actually ooar. A key

. question, tor exarmpie, is how the system rewards or punishes ihe

" disclosure of problems.

Errors of judgmemt In the tace of uncertainty are cpen 1o
imerpreiation fortwo caiegoriesof reasons: uncanainty about fac1s
and diversity of preferences. Contrary 16 gross efrors, they cannat
be saslly defined by a violationof 3 deterministic ttuth such as two
phus two equals four. Assessmeant of a probabifily or d probability
distriiion fo descrive, for sxample, epistamic unce naintias (fun-

damemal lack of knowledge) about 3 variable generaily requires a .

subjective input 1© Interpeed the evidance. As for risk attitudes and

. preterences in the tace ol trade-otts, thesa inputs cbvicusly vaty

among incividuals. Organizstional problems that stem from bad
Axigmen arv, therefore, tnuch more ditficult Gentity than gross
arrors because their getectian musirely onamors precise defintion
of what consthutes a good decision. In retrospéct, i is always easy
1o decide that a bad judgment is one thal joad 10 an accident. Yet,

decisions can kead 1o bad Suicomeas. Thafelors, appropriate
Gacision procésses must exist 5o &8s 10 valanca in & satstaciery
manner uNknown costs and benefits involved In trade-oMs such as

" immediate perjormance versus safsfy ot operations. .

IAAAOCCTAT YD "o IRA 1 mmr'\ ll-tcui;l'

" Cognitive errors are caused mostly by intormation problers for '
- “which corveclive actions include scequale information systems,.
7 pettertraining, imemmstoseuklrﬂemtbhwhonneeded (and,in -
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In cases where there Is no controversy about value Judy-
mems invelved intop evel decisions (considering, for exarmple, that
the opinions of Congress must pravaif) the questicn Is 1o ensure that
televant inlormation ks avaliable te this iop management when
fundsiema: declsions are made, and that the organizational and

indlvidual's risk aniludes eventually refiect that of this top level. The -
objective it 10 design an inceriive Structure and/er a feedback

mechanisn that ensures Lhis adequacy. This implies \he use of
appropriste: information that is readily available, the acquisition of
additional jinformation when & has & net positive value given the
organizatior's prefersnce Bystem, and 8 decision making process
thal leads to consistency in risk amitudes. The quality of tha
leadership clearty plays sn essemial pan in the clarily and the
consislency of standards across {he orggnization.

SOME ORIGANIZATIONAL PROBLEMS THAT AFFECT SYSTEM
RELIABILITY

From this analysis of emors one can idemity two broad
categories of erganizational problems that rolate to the tailure
probability of a system Dacause ihey stteqt the probabillty of
process enors: informatien problems and incentive problems with
1he possibility of combination of doth. i

Infb:rrnalién probiems.

Information probloms may oceur within an organizetion o
acress organizations managing the same sysiem. They may
include the lokowing:

* By i inesn . The engi-
neering process may be designed in @ finaar manner wihout
feedback kops 1o heck that 1he desigh corresponds 1o the needs,
of thal resources st aliocated propery tor optimal reliablitty. For
example, thore may not exist any mechanism to chack the shadow
price of the ¢onsiraims sl by management, |.e., what would bo the
gains (e.g., In reliability) assoclated to ditterent levels of relaxatich
of the congiraints (e.g., of scheduls).

cags 1o teigvant infarmation. The organization’s prob-
fern is 16 Kemiy and communicate signals thal are relevam and

-A‘.

reliable, Oiganizational likers may be such hat some Imponam -

signals anc. up migsing while irrolevar ones overicad and coruse
the system. Firg, Inedngividual must be able 10 identity what 10 iook
for and tg ¢E1@in this information in time. Communications may fai
for a variety of reasons. Approprials communication channels may
simply not sxigt, or existing chafinels May not work due 10 accident,
of impractical procedures, or deliberals retention of information.
Also, the sijgnal may be ignored because ot provious false alens (the
cry-woll etiect). : .

"Gt ; intiaa. The information may aiso |

immunicationol yncaraintied,
be distoriers, For exampie, the organization may notbe equipped({in
Rs procedutes, its cutture, ¢ic.) to communicale properly impertect
informatiof: and uncertaimty. Tharefore, qualitiors (Go but...") may
be droppeit In the process. . .

Incartive problems

incantive problems may atiect the systom’'s perormance
throughou! 1ha process and include {he foliowing:*

* |reemives towatds optimism, Inorganizations whose final
goalis o produce a positive product (as opposedic detecting tausy
and where the risks of visible faiiures are suftliciently low, incentives

ec:tl £6. SB d34

. o ' .

81 each level may lead 1o the suppression 61 bad news and.‘
theretore, a blas lowards optimism. This is rue, in panticular, when
the information is incompleta and In situations ¢f uncenainty (as
gescribed above).

 { pregsures onihe critical oath, The technical groups whose
fask i§ on Ihe crilical paih to preduction ot aperatlon may lind
themsge|ves under pressure 1o cul comer. This prassure increases
with the differenca of lotal time {objective lunctiq'n) batween them
and the next critical iask. , ' ‘
. o
* Ditficuities of learning in a high-visibiity sfuaticfi .  may
be ditficu for an grganization subjected to public scrutiny ta 3ss0ss
#s own penormance and leam from its mistakes. In shuations of
success, there may be a tendency o overlock signais of potential
problems whereas in stuations ol difficuties, the organization may
be overwheimed by signals of problems If # aces not have clear
procedures to assess thelr relative severitios and to set priorities
amang rermedial actions. Funhermors, organizational lsaming and
in panicular change of /les may be dificut when R can be
interpreled as admitting that previcus procedures were inadequate.
) ) .

| .
RETURN TO THE PRA MODEL ‘
_RETU

Assembly model

The probabilkty of allure p(F1) and of subsequent tailures
p{F|F1) can be linked to 1he occurrence o errors of differom typos
(6.9.. & traction of 1he surtace only was covered with ATV) and,
funhemore. 1o combinations of amors (e.g., insulticiert quarmity of

- bonding er Inappropriate eep to hexttlle due e misimeasuremen),

For each type of error, the question s 1o know st is hs level of
saverhy, the numbar of ties that A can alfed), and their location with

. respect o the criticality partition of the orbher surfacs. in addhion,

R may be imponant to considerwhelher i3 & grosa erroror an error
of judgmenn tha may be less easlly kentiiied and corected. An
error having occurred, the inspedion process can be analyzed as
a pequence of fiérs: a1 each siep he eror may be ilentitied or
missed. Findlly, given thai an emor has occurred and doen idertl-
fied, it may or may not be corecied. o

This analysis is described by the influence diagram shown
inFigure 4. Theresullis a distribution for the probabilty af initiating
falure p(F1] given possidle combinations of ermors and thair levels
of severhy and the distribinion of the rumber of thes aftected. This
gistribution ol vaies of p{F1) s then antared in the previous modal
lo obtaina spectrum of faikire probabilkies (LOVAC) due 1o fallure of
1he TPS. The model can then be u3sd 1o assass the etfects of

- organizational improvements designed 10 increase the reliabilty of

tha TPS.

Examples of organiational improvements of TPS manage-
tmeni end thelr analysis through the model

* lrmyamentinleaming. Possible measures Include trerd
analysis and leedback mechanisms. Their etfecy, Inthe model, is to
doecrease the probability of occurrence of errors in the first place.
Also, improvement of the 1631ng (such as the lesting of RTVior
aging effecis) whoso eNect Ia 10 Gecrease the probabiilty ol failure
asek, .

. * A batter aiocation of resourcgs according to the criticality
of the lile focation cian be analyzed Ry the medel through the
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decrease of {te probability of intiating fallure in the most critical

Tones.
. -
1 . .
* Bettirorosedures forihe thspadtion ofiles andi1he S07308
and retrieval pf intormation increase the probability of observation
of error condtilanal on cccurrence and increase the probability of

correction corditionat on observalion.

CONGLUSION

The uxtensions of classical PRA presented In this paper
increase colsidergbly the vatue of information ef such studies
because i fllows sefting priorities among & larger Rumber of
polentiat impovements. An analysis of the enginearing process
Zllows focus rg atiention and resources {time in panicular) on the
mos! critical 1asks. Organizational aspects of enginearning reliabllity
sre of imerest 1o researchers in organizations’ behavior.'t The
quaniiaiive methed outiined here aliows inclusian of this body of
knawledge inihe decisiont making process by assessing the relative
imponance ! these crpanizaticnal etecs through their coniriby-
tion to the ovarall sysiem reliabiliy. : o,
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NA&A \ : SUBJECT: NAME: .
Lyndon B. Johnsen Spi.r.l Cemtt {B/E. BAKER
p THERMAL PROTECTION SYSTEM .
3: K %’gHT CREW | CB/B. DUNBAR
* PERATIONS TREND ANALYSIS SURVEY DATE: PAGE
-DIRECTORATE . ) . MARCH 2. 19588 13

PRACA

|

(PROBLEM REPORTING AND CORRECTIVE A

CTION) ,

[y NASA h - SUBJECT: o S NAME: .
| Lyndon &, Johnson Space Center : CB/E. BAKER
ELMEMT CREW T"E RH,F.L g_&zoﬁg__lp;ﬂ SYSTE_" 1ca/B. BUNBAR
OPERATIONS TREND ANALYSIS SURVEY oA o eaee -
"oquoRArE . L " {HARCH 2. 1988 1 1.

PRACA DEFINITION

e ————— e — ——— ——— i v

NSTS 08126C; JUNE 1987 REV. C

£.1 NASA PROGRAM OFFICE IS RESPONSIBLE FCR!

C. PROVIDING NECESSARY RESOURCES TO SUPPORT THE PRAC
INCLUDING THE PRACA DATA SYSTEM, COMMUNICATION S
COMPATIBLE HARDWARE AND SOFTWARE.

E. ASSURING THAT THE DEVELO
INFORMATION IN A FORMAT WHICH WILL BE SUPPORTIVE

SYSTEM 7O BE USED BY ALL ELEMENTS AS SPECIFIED IN TBD.

5.2 ISC & MSFC ELEMENT PROJECT OFFICES ARE RESPONSIBLE FOR:

B. ASSURING THAT ALL REPORTABLE PROBLEMS, INCLUDING |
ARE IMMEDIATELY REPORTED

D. ASSURING THAT THE INFORMA
FORMAT WHICH i5 COMPATIBL

PMENT OF A FRACA DATA SYSTEM WILL PROVIDE

INTO THE NSTS PRACA DATA SYSTEM. -

TION WITHIN THE PRACA SYSTEM I5 IN A
E WITH AND SUPPORTS TRENDING ANALYSIS.

A SYSTEM,
ERVICES, AND

OF A TRENDING

N-FLIGHT ANOMALIES,




* 26 306d

| LOPEBSEEDE 1£:€T €9, <@ g3
Y\ _Lyndon 8. lannion Space Cenies TRERMAL PROTECTI ‘ CB/E . BAKER "
é& FLIGHT CREW ROTECTION SYSTEH {B/B. DUNBAR -
OPERATIONS TREND ANALYSIS SURVEY DATE: . |PaGE, -
) DIRECTORATE ‘ MARCH 2, 1988 | 1S_
o KSC_PRACA o
DATA BASE 2 , :

INCLUDES: ALL PR'S, IPR'S (RECENT)
SOME DR’'S
FOR TPS .- TILES. T/B’S, FIB’, TCS., SOME GAP FILLERS

DOESN'T INCLUDE: VEHICLE CONFIGURATION. ..
F/B, GAP FILLER (IF NO PN}
SIP (PR WRITTEN AGINST TILE ARRAY) |
SCREED MAP

CROSS REFERENCE'TO CONFIGURATION CHANGES (NEW PN'5)

CAN SORT BY:

PR#, PN, SERIAL #, EICN . ,

VEHICLE, FLOW, PART NAME, SYSTEM

FAILURE MODE, FAILURE CAUSE

LOCATION (PRE FEB 86 -- FWD, MID, AFT, LWNG..)
(POST FEB 86 -- MORE SPECIFIC LOCATIONS)

PRE 41-C DATA 1S ON TAPES AND IS MORE DIFFICULY TO ACCESS
SOME SUBJECTIVITY IN DATA AND PROBLEM DESCRIPTIONS
NON TECHNICAL OPERATORS ENTER THE DATA | - )

' 3

NAME:

i NASA "1 SURBJECT: et AKER
Lynden 8. JohnunSpiceCcmer /5. K
PROTEC S s EM
\ FLIGHT CREW THERKAL PROTE TION SYST CB/B. DUNBAR
< OPERATIONS TREND ANALYSIS suavsv DATE: PagE
: DIRECTORATE NARCH 2, 1988 116
PRACA MALFUNCTION CODES !I
221 - BOND FAULTY , 947 TORN
070 - BROKEN 020 - WORN, CHAFED OR FRAYED
900 - BURNED OR OVERHEATED 207 - VvOIDS
910 - CHIPPED 220 - WATERPROOFING FAULTYIM!SSING

190 - CRACKED 878 -
846 - DELAMINATED

117 - DETERIORATED

230 - DIRTY, CONTAMINATED, OR
SATURATED BY FOREIGN MATERIAL
017 - DISCOLORED/STAINED
223 - GAP FILLER DAMAGED
224 - GAP FILLER MISSING
206 - GOUGES .
247 - INSTALLEDIASSEMBLED IMPROPERLY
730 - LOOSE
246 - MAINTENANCE INPROPER OR FAULTY -
800 - NO DEFECT. cowonem REMOVED OR REINSTALLED TO FACILITATE OTHER
MAINTENANCE
216 - ROUGHNESSWAVINESS
215 - SIZE IMPROPER
217 - $/G OUT OF TOLERANCE
219 - THERMAL SURFACE CRACKED

WEATHER PAMAGE
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yndon 8. Johnsan Spéce enter y CB/E. BAKER I
j FLIGHT CREW THERH!_I\L PROTECTION SYSTEM CB/B. DUNBAR
. OPERATIONS TREND ANALYSIS SURVEY ° DATYE: PAGE
, DIRECTORATE - s MARCH 2. 1988 | 17 1

EE ' ' : K5C PRACA | o
ACCESS JDATA / TRENDING : ' ] : _
0! . .

i 1

o TERMINALS AVAILABLE AT NASA CENTERS ' : ; :
o DATA BASE COVERS ALL TPS ELEMENTS ' ‘
¢ SOME DATA IS SUSPECT '

- INCOMPLETE ' : : : . '

. SUBIECTIVE ‘ " | | .

[} ! ! ! i
|

e SKILL IS REQUIRED TO ASK THE RIGHT QUESTION THE RIGHT WAY SO AS TO GET
THE INFORMATION YOU WANT IN A USEFUL FORM - '
. \F NOT QUERIED PROPERLY MAY MISS DATA b

- MAY GET MORE INFORMATION THAN YOU WANT
‘ 1

e DATA RETRIEVAL MAY BE A MANUf\L TASK ' : .

o USERS HAVE PRIMARILY BEEN QE, RELIABILITY, LOGISTICS ’ o
LIMITED USE/INPUT BY SUBSYSTEM EXPERTS
NO FORMAL TRENDING o
o VERY LIMITED GRAPHICS CAPABILITY Ce T

o i
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| TIPS '

(TILE INFORMATION PROCESSING SYSTEM)

NASA . SUBJECT: , ’ © | NAME:
Lyndon 8, John3on Space Center CB/E., BRKER -
FLIGHT CREW THERKAL PROTECTION SYSTEN CB/E. DUNBAR _
¢ OPERATIONS TREND ANALYSIS SURVEY - ' DATE: PAGE
DIRECTORATE MARCH 2. 1988 18
DATA BASE |

INCLUDES: VEHICLE CONFIGURATION (TPS RELEVANT)
: TILE AND SIP, FIB, SCREED, PVT, BV
' DESIGN GAP FILLERS (NEW)
’ £/8 ANOMALIES (NEW)
S/G ON ORIGINAL BUILD PLUS ON OCCASION
ENGINEERING DATA /REQUIREMENTS FOR LAST FLOW OF TILE
PR'S RESULTING IN TILE OR FIB REMOVAL, MR, SHAVED

DOESN'T INCLUDE: TCS, THERMAL BARRIERS
MANY TPS REPAIRS

CAN SORT BY: MULTIPLE FIELDS

INCLUDES INFORMATION BACK TO STS-4

AT THE END OF A FLOW, FLIGHT DAMAGE RECORDS ARE REMOVED FROM ACTIVE DATA
BASE *

ACTIVE DATA BASE FOR TILE REMOVAL GOES BACK THREE FLIGHTS
EARLIER DATA CAN BE ACCESSED ON REQUEST
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NASA susIECT: NAME:
Eg’ ‘“FL‘;G’:TC;EW THERMAL PROTECTION SYSTE Egjg SSEE:R
g OPERATIONS TREND ANALYSIS SURVEY DATE: paGE |
DIRECTORATE | - | HARCH 2, 198R 20 .
DATA FORMATS H MALFUNCTION CODES . - .
i | TILE CHARACTYERISTICS 1. DENSIFICATION REQU!REMENT ‘
2. ENGINEERING REQUIREMENTS 2. FLIGHT DAMAGE (BROKEN CHIPPED ' [
| 3.; TILE LOCATION | CRACKED, GOUGE) ' ,
‘4. PART NUMBER REVISIONS 3, ENGINEERING EVALUATION |
§. CARRIER PLATES 4. ENGINEERING (CHANGE (MCR, EO, SAR) '
§. INSTALLATION bATA (REMOVAL CODES) s. CHARREDIDAMAGED FILLER BAR
7. BOND VERIFICATION (3) 6. ACCESS : ' | '
g PULSE VELOCITY TEST/SONIC DATA 7. BOND VERIFICATION FAILURE
g. SCREED/HEATSINK . 8. GROUND DAMAGE (BROKEN, CHIPPED," 1 ’
10. TILE STEP/GAP CORNER STEP -anchb, GOUGE) . ; '
11. TILE SIP/FOOTPRINT DATA g, LOST IN FLIGHT
;ASA SUBJECT: NAME:
"“""”FZ,G;:;,C;E; THERMAL PROTECTION SYSTEM Eg; g: SS:EB:R ,
' OPERATIONS TREND ANALYSIS SURVEY DATE: PAGE
DIRECTORATE ‘ ' MARCH 2. 1988 21
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MALFUNCTION CODES CONTD
A, ENVlRONMENTAL DAMAGE (WIND, HAIL

LIGHTNING, RAIN)

REMOVED N ERROR

HEAT DAMAGE (MELT)

$IP DAMAGE / PROBLEMS

STEP AND GAP OT {OUT OF TOLERANCE)

TILE EROSION (THRUSTERS)

m

FLUID CONTAMINATION (SPILLS OR LEAKS)

T o

LOOSE TILE
TRANSFER SCRAP (FERRY FLIGHT

INSTALLATION ONLY)
J.  LOST DURING FERRY FLIGHT

K. TRANSFER DAMAGE (FROM PALMDALE)
L M!'S‘C_ELLANEOUS - '

M. NIAPPLICABLE TRANSFER FROM -
PALMDALE

NOT BUILT TO DRAWING
SONIC FAILURE

MISLOCATED BOND
TRANSFER DAMAGE (FROM KSC)

» o o0 z

RTV PROBLEMS
. SILTS RELATED

T. SCREED PROBLEMS

u. TILE A" MOD

V. CANNIBALIZATION

W. IMPROPER PROCESSING
X

GAP FILLER
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Lyndon 8. Johnion Space Center X /E ALER
i THERMAL PROTECTION SYSTEN CB/E. BAKER ,
FLIGHT C | (8/8, DUNBAR S
Y ' 7
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1 1
ACCESS / DATA / TRENDING . ‘ '
! !
. l
) . .
s TERMINALS AVAILABLE AT DOWNEY, l<!'>(:I JSC . ) I
e DATA ENTERED BY VERY KNOWLEDGEABLE TPS OPERATORS '
1
] DATA 'BASE NOT "CONTROLLED" :
o '
® WIDESPREAD USE BY TPS COMMUNITY .
1
- 1
® NO FORMAL TRENDING ! ' 1
® GRAPHICS CAPABILITY IS AVAILABLE "
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’SYSTEM INTEGRITY ASSURANC‘ PROGRAM PLAN
NSTS 07700 VOL XI

APRIL B, 1387

1.6 PRI.)GRAM DESCRIPTICN. THE SIAP ENCOMPASSES THOSE ACTIVITIES / FUNCTIONS
REQUIRED TO PROVIDE COMPREHENSIVE CONFIGURATION AND MAINTENANCE. .

* ~ PROGRAMS; CLOSED LOCP ACCOUNTING, TREND ANALYSIS AND MANAGEMENT

INFORMATION
1.7.1 THE DEPUTY DlRECTOR NSTS FROGRAM IS RESPONSIBLE FOR MANAGING THE SIAP...

THE NSTS ENGINEERING INTEGRATION OFFICE IS THE OFFICE OF PRIMARY

RESPONSIBIUTY
1.7.2 THE NSTS ELEMENT PROJECT MANALERS ARE RESPONSIBLE FOR EMPLEMENTATION
OF ELEMENT PROJECT ACT!VITIES IN SUPPORT OF THE SIAP. THIS INCLUDES BUT IS NOT

LIMITED TO THE FOLLOWING:
G DEVELOP. AND CONDUCT RELIAEIL!TY PERFORMANCE, AND SUPPGRTABILITY
TRENT:}" ANALYS!S FOR. FLIGHT A.ND CRITICAL GROUND SYSTEMS R




