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SUMMARY

T™ermo-structural performance of the Space Shuttle orbiter Columbia’s
leading-2dge structural subsystem for the first five (5) fligkts is compared
with the design goals. Lessons learned from these initial flights of tke
first reusable nann=d spacecraft are discussed in order to assess design
maturity, deficiencies, and nodifications required to rectify the design
deficiencies. Flight data and post-flight inspections support the conclusion
that the leszding- edge structural subsystem Lardware performance has been
outstanding Sor the initial five (5) flights.

INTRODUCTION

Conception of a mnew era in man's advcntageous utilization arnd
explci*etion of space was realized recently with the asuccessful completion of
the four development test Tlights ani the initial commercial pission of tke
Space Stuttie orbiter, Columbia. Unique design and construction of the
orbiter 1o achieve reusabilit’ & feature previously impractical in space
vehicles, vere attainable wita *7e progresaive development of high-technslogy
materials used in the Thermsl Protection System (TPS). Multi-missien
capability 1s the key in achieving cost effective access to space for routime
manned cperations. Assessment of this capability is now poasitble with the
accrued flight data coupled with the information gathered from post-fligat
inspections conducted after esch flight.

Essential to the total system of thermal protection of the orbiter is
the leading—edge structural subsystem (LESS), generallr defired as those areas
of the wing leaiing edge and the forward fuselage that exceed maximum
temperatures of 2300°F during re-entry. Reinforced Carbon-Carbon (RCC) is
one of the mnew generation metorials that is indispernsable i=n providing
multi-mission capa>ility in this punishing, high-temperature eaviromment while
concurrently maintaining the integrity of the aerodynamic surfaces. RCC is a
hard carbon structural material possessing reasonable strength throughout the
operational <temperature range predicted for the orbiter. Thermal shock &=d

thermoelastic stress effects are minimized with the low coefficient of thermal

expansion. Oxidation protection, fundamental to the reusability feature of
RCC, is provided to the carbon subsirate by converting the outer surface *o
Sjlicon Cartide (5i¢) in a diffusicn coating process. Further enhancement of
the orxidaticn protection 1is provided by post-coating treatments of vacuum
impregnetion of tke laminate witn Tetraethyl Orthosilicate (TEOS).
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Success of the initial five flights or Columbia implies that the Tlight
vironments were appropriately anticipated and the system response accurately
dicted. Althcugh verification of the total system capacity in *erms of
sability remains unconfirmed, certain parameters can be evaluated frca the
uired flight data to provide forecasts necessary for operational via®ility

‘he 1ife of tze orbiter. lessons learned during the early stages o this
2ique, reusable space vehicle can be used to identify not only areas =7 the
biter that nreed attention +to achieve maturity but ealso technology
i
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ciencies on which to concentrate research and development for future spaces

LESS DESIGN

The orbiter LESS basically consists of the RCC ndse cap and seals, *he
wing leading-edge RCC panels and seals, the associated metal attachmen*s io
the supporting structure, the internel insulation systems, and the interface
feusable Surface Insulation (RSI) tiles. Depicted pictorially in Figure 1,
“he RCC noese cep and wing leading -edge constitutes approximately 420 squars
feet of external surface area. Additicnally, although not included ir.the
original d~:sign, pre-flight modification of the region surroundirg the
forward, external tank attachment was made to include a RCC cover ulate,
appropriately identified as the arrowhead illustrated in Figure 1.
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igure 1.- Leading-edge structural subsystem.

ORIGINAL PACE 8

ol e e Landan Aruia e, M s v

A i bt L e o RS e ws A

[P A R RISV




ORIGINAL PAGE 9
OF POOR QUALITY

Basic design gcsls and ©purpose for the LESS are to provide
thermo-structural capabilities for the regions of thr crbiter thac exceed
23000F. Operational requirements include the retention of the eerodynanmic
shape of the outer moldlines, the control of the aluzinum etructure maximum
temperature to less than 350°F, and the capability to suvstain 100 missions
with minimal refurbishment. Interface control between the ROC and the RSI
tiles was a significant parameter in the design not only to retairn the
aerodynamic surface for flight quality but also to preclude damaging the more
vulnerable tiles. Serviceability was another issue that dictated <he

field-break design configuration for access to the attachments and easy
removal of the RCC components.

Final design configuration of tie RCC nose cap assembly is illustrated
in Figure 2, consisting of the dome, five (5) gap seals,. and three (3)
expansion seals. Functional requirements of the seals are to allow thermal
expansion and deflections while simultaneously preventing hot gas influx into
the cavity and precluding deflections of the RCC that penetrate into the
interface R3ST tile envelope. Illustrated pictorially by the representative
panel-seal set in Figure 3, the wing leaiing edge consista of twenty-two (22)
similar assemblies on each wing. Gap seals are provided between the panels to
serve the same function previously described for the nose cap seals.
Jptimization of the size of the panels included as significant parameters:

structural integrity, producibility ir terms of tooling and facility
"equirements, and weight.
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Figure 2.- Nose cap system.
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Tigure 3.- Wing leadirz-edge systenm.

Elevated temperature is the primary fuctes in the design of the attach
fittings as well as the internal insulstior sy<--2 used in the protection of
those attachments. Heat resistant metals such as Inccnel 718 and A-286 steel
are utilized to interface betweer the RCC ard tke alwminum support structure.
Protection is provided these metal componeats with various insulation packages
composed of Dynaflex, AB-312 ceramic cloth, saffil, or RSI tiles. Dynaflex,
contained in formed and welded Inconel 601 foil, is the primary insulation
system used in the wirg leading edge as illustra*ed in Figure 3. Blankets of
Dynaflex ard caffil wrapped with AB-312 clo*h are used in the nose cap cavity

along with 2SI tiles on the forward face of the access door in the suprort
bulkhead as indircated in Pigure 2.

Thermophysical properties ot the RCC meterial and the hollow shell
design promcte internal cross radiaticn frea the zot s£tagnation region *s the
isherently cooler regions. This charscteristic reiuces the stegnation region
temperatures and tne criticsl lower lug temperatures ard minirizes the thermal
gradients ir the shell. Paradoxically, the “nsu z-ien used in 1e cavity to
preclude exceeding the maxinmum temperature limits established for the metal
components elso retards the cooling rate o7 the lugs, contributing to +*he
undesirable cxidation rate.
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Oxidation rate s the single most important varieble parameter in the
determination of missizn life of RCC parts. Oxidation of the carbon suabstrate
occurs &s a result oI oxygen penetrating the protective coating through
microscopic porosity cr fissures inherent in the coating s7stem. Resultant

strength degradation 242 caused Yy

substrate mass loss restricts the

mission life capacizy through the inebility of the IC %o sustain the

predicted loads. Oxii=tion rate is a

function of temperature, pressure, time,

and the type of envi=crment, either radiant or convective heating.3 Radiart

and convective mass loss correlation

curves are presented in Figure 4,

applicable to the flazzes and the outer shell regions respectively.
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Figure L.- RCC mass loss correlation.

Thermal asnalyses wvere performed on the nose cap and representative wing
leading-edge panels <o correctly design the temperature sensitive elements as
well as to determize the temperature histories at selected locations.
Comprehensive two- ans three-dimensional thermal math models, developed for the
design snalysis, were yerified in the development and qualification tests and

used for flight certification.4v

Structural apslyses were performed on the nose cap and wing leading

edge with the Dbasic objective to

determine the resultant stresses,

deflections, and margins of safety for the applied enviromments. The complex
nature of the desizm coupled with the deterioration of the rechanical
properties of RCC w=+h each repeated exposure to orxidation created upusual
analytical problems. Detailed finite element structural models Were
constructed for the =nose cap and representative wing leading-edge panels %o
jnsure adequate resoiution of the issues. Verification of the analytical
methodology was achieved in the qualification test prograa vhich led to flight

certification.” 1

r=ditional complexity was introduced with the inherent

shape of the parts, e variable stiffness of the support structure, arnd the
interaction of the g=3acent parts. Critical stresses had to be determined for
each part, dependen< upon these parameters and sensitive to the distribution
of the epplied airlcads. Typical spanwise variation in the airloeds along the

wing spen can be observed in Figure 5.
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Figure 5;— LESS design airloads.

Thermoelastic stress analyses were also performed on the LESS
components at several time cuts in the re-entry irajectory. Thermal-Induced
stresses in the wing leading edge are minimal with the attachment system
providing unconstrained spanwise growth capability, and the thermal gradients
are insignificant. However, the nose cap with relatively rigid constraints
and high thermal gradients exhibited critical thermoelagtic stresses during
the initial flights. Coefficient of thermal expansion differences between the
RCC and the metal fittings dictated slotted joint designs to eliminate induced
stresaes. Integrated thermal expansion and combined enviromment- Znduced
deflections also had to be asccurately predicted in order to determine +the gap
requirements between adjacent parts as well as to avoid RCC to tile
interference at the interface joints.

Certification of the LESS for flight was accomplished by aralyses
verified with development and qualification tests conducted on full - scale
hardware. Critical launch and entry conditions were simulated in these tests,
cyclically exposing the parts to acoustic, thermal, and airlcad envirorments.
Comparisons of the predicted versus measured respensc tu (he airloads 6,7
and thermal stimuli resulted in #approval of the certification process.
Structural assessment of the flight performance must integrate the resuwlis of
ground tests to substantiate any observation or conclusion from the £ligat
data.
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Successful completion of the initial flignts of Columtis %Lave provided
susficient éatas from radicmeters, thermocouples, ard prezsure transducers to
aprraise the thermal performance. STS flight peramciers, especially argle of .-
attack, allcwed relatively lower *otal heat lced &md hest rate on the LESS
than that gpredicted for the design trajectory. STS exd design trajectory
differences can be assessed by comparing the hea: re=e anpi hezt lcad to a ome-
foot sphere. Peak heat rate varied from 80 percent of desigr for STS-1 to 96
percent for STS-4; whereas, heat loed varied from 34 perceznt of design fer
§7S-5 to 92 cercent of design heat load for STS-2. Padimeter dacsa presented
in Figures 5 and 7 for the nose cap apéd wirgz lesadirng e=dse, respectively,
indicates gccd a2greement between +he predicted znd seasted cemperatures for
the RCC shell irner surface. Measured STS flight temperatures cor the ranel 39
attachment clevis fitting were Jower than beth re 7S axi design predictions
as indicated in Figure 8. Evaluation of +the STS fligt: data ipdicates -0
degradation in the thermal performence of the LESS componernts, particularly
the insulation systems.
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Figure 6.- Hose cap RCC inner noldlipe (IMZ) terperzture.
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Figure 7.- Wing lezding-edge inner mcldline (IVo) tezrerasures.
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Fi e 8.- Wing leading-edge panel-9 lower z-tach clevis temperature.
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Structural performance evaluation requires a more sucjective appraisal
since the elevzted temperature enviromment precludes the direct zcquisition of
Flight airloed data in the critical regions. Strain measurezents were limited
to special, instrumented attach fittings on the wing leadi-g-edge panel 13,
.alibrated tc determine the magnitude and direction of the flight airloads
juring ascent. Effective loads are combined external sercidynsmic pressures
ind internal cavity pressures. Load vectors, parallel to the ving front spar,
ire developed by integratirg the differentisl pressure over the surface area
>f a panel. Peak ascent loads occur in the meximum dynemic pressure regime
soincident witha transmmic speeds between 1.0 and 1.5 Mach number. Ascent load
rectorz, develcped from rlight strain measuremerts on parel 13, average sbout
sieven (11) percent higher than the anticipated loads as irdicated in Figure
}. mis is considered to be excellent correlation and indicative that
-zalisiic airicads were used in *he LESS structural analyses.

Vibroacoustic envirormenis that were useé for the LESS design analysis
ind ?light qualification procedures were determined to te conservative from
che flight datz. Wing leading-szdge flight acoustic é&ata present in Figure 10
€ corzarztively less tlan the design enviromment. Impact of <=is difference is
.or.8idered nezligible at this time Lut indicative that tke critical margins of
jafecy for tke RCC lugs are congervative frcm the vidrczcoustic effects
rerspective.
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General flight performance characteristics can also be deduced “rom tts
flight data and the post-flight condition of the paris. Sirueturz—ly, iz
lezding edge has &pp:-reptly achieved its purpecse of meinteirZzg tZa2

f

aerodynamic shape throug.out the flight, inclusive of the elevaied tezoeratur
rezime during atmospheri:z re-entry. Elasticity of the 2CC comrgonern<t= can
deiuced from the fact that the parts returned to their ouvigizal = Epe

o
\ I

B
(4T

pczition after cerodyremic pressure and therm=zi - induced diewcrtiors.
F~=Zceable markings on iz= side loed restraint pins aré ~n the ECI parnzl 1o R7T
gzz-seal mating surfaces confirm that the parts erzerience n¢%:ns &Il
displacement patterns ccmpatible with the analytically predicted =—=sponse.
A1mough displazement mesritudes carnot be determired, visual inspectiizs aavE
revealed ro ancmalies ati no conditions generating coacerr for -he s—TTuactursl

insegrity of the leading-2dge systed.
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Combined results of LESS design studies and arelytical 1t2raizOons,
jevelopment tests, qualificstion te=ts, and flight tests during =he 1E71ETS

develnrment, testing, =nd eyaluati-n (DDT&E) phase of the Space Iruttle .
program have not only corfirmed dasic concept znd desigr aufficiency tu~ g
revealed 2sreas of desigz deficienci-s. Modifications have in most czsez beern
adopted to rectify thore deficieccies.

Gap heating development Tez2ts 0N LE<3 interface geumeirl: sesi
ccncepts revealed a thermal apoma.7 at the ¢ o RBSI :interface. ZiT £
intrusion around .he thermal barrier between +re RCC and zhe RSI neczgztat
a redesign to incorporate & flow atopper. Evidence srom STS-1 =zné  STS-
irdicated the continuarnce of hot gaz emanatirg from the lower interfzze regico
and flowing through tne LESS cavity as illustrased in Figur 17, Moiif
of the flow stopper to eliminate <=is £low-tr ~ough wWes incorporates szd the
effectiveness verified in the subsequent flights as irdicuted in F¥guTe 12.
Heatiny phenomena st the 1ower centerline region of the -nose cap duwirg STS-2
created a copndition in the interfzce tiles unique to this flignt. o ges
penetration into the gap between <90 interface tiles ¢ gsed sivmpizg/meltirg
of tie tiles, thermal damagz to <=he gap fillers, fiilsr barw, ané flcw
stoppzrs, and local melting of tke aluminus carrier—plate as degicted iz
Pigure 13. venetration of the hot z25 damage into the irsulation blznxets was
minimsl, and no evidence of overneaziag of the rose cap Trcciel attacimerts Wes
found. GCap heating demage in thic region during previous flights red beez
limited to tile slumping and filles bar overheating; therefore, +rzis is

assumed to be & problem associate? witia flow stopper ard gap filler wissicn
life.
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Insulation blankets of AB-312 wrapped Dynaflex used in the nose cap have a
higher temperature capacity than the Inconel sheathed Dynallex used in the
wing leading edge; however, it is more susceptible to insteilation handling
damage. Txpcaure %to temperatures in the range of 2300°F causes the AB-T12
febri~ to tecome friable. Damaged insulation as a result of handling in the
nose c¢&p gualification test article after five (5) cycles is illustrated in
Figure 15 and compared to the Columbia insulation after four (4) flights.
Inspections of the insulation systems on the Columbia after Zfour (4) flights
reveal no detericration, ard the flight data has revealed no thermsl
performance degradation. Additiomal life %ests will be used in conjunction
with contirued, scheduled inspecticn of the flight insulatior system to
estaplish the acilual life capacity.

WING LEADING SPAN INSULATION
PHASE B THERMAL TEST 5TS-5 WING LEADING-EDGE

(20 OX!DIZING CYCLES) SPAR INSULATION

Figure 1k.- Wing leading-edge insulation system thermal effecss compariscr.

e T WESPERS - T g tAn U R 2
FSTS-4 NOSE CAP CAVITY R
) INSULATION BLANKETS BB BLANKETS (5 CERT TESTS)
S . o . .l , B ) s.- o
Bk FRAYED/TORN
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Related to the insulation system is a phenomena oeccurring on the wing
-ont spar where the Inconel sheathed Dynafl~x insulation is attached directly
to 'ne eluminum honeycomb spar. Corrosion of the aluminum, appearing as
hliaters in the Super Xoropon paint as illustrated in Figure 16, is sssumed to
be a resuli of galvanic activity caused by the contact of dissimilar metals
with the source of moisture teing the humid air flowing through the LESS vent
system. Direct exposure to the salt atmosphere could alsc be a contributing
factor to the corrosion problem. The OV-102 wing front spar is conatructed of
aluminum honeycomb with face sheet thicknesses rarging from 4 mils to 120 mils
that is paiated with 1 mil of Super Koropon Zor corrosion protection. The
insulation is contaired in 4-mil thick waf’led Inconel foil. Cerrosion,
occurring in discrete areas, created pits in tue aivminum 80 to 100 mils irm
dismeter and 1 to 14 mils in depth, some of which peretrated the face sheet.
Ramifications of the corrosion range from no impact for the minor pitting to
potential structural damage for the areas urder major attack. Vihb e
solutions include additional coats of Super Koropon and RIV to the painted
aluminum surface, thereby providing a much more tolerant protection system.

Figure 16.- Wing front spar corrosion.

Moment constraint fittings, illustrated and compared to the basic
design in Figure 17, were retro-fitted to the LESS design pn several wing
leading-edge panels as a result of a substantial increase in the predicted
airloads. Joint tolerances and the design concept required by the femperature
envircnment caused some speculation on the effectiveness of these fittings in
reducing the critical RCC stresses. Substantiated by qualification tests and
the absence of problems with the flight verformance, the noment constraint
fitting concept has proven to be an effective design "rix,"
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Figure 17.- Wing leading-edge panel attach nhardware.

Wing leading-edge RCC vanels are cantilevered off the front spar at
four points by nigh-temperature, A-286 steel fittings. Figure 18 shows the
genersl configuration. The initial material selection and sizing for these
fittirgs were driven by expected temperatures (about 1000°F) and large
airloaés. In addition, producitility required a minimum gage of 100 mils for
this very tough materiai. As the design environmerts matured and the analysis
methods became zmore refined, peaax temperatures dropped below 600°F. This
allowed 6AL—4V titanium tc be used in lieu of steel. At the ssme time, the
1oad peths were optimizec, resulting in one piece fittings. Producibility
gains allowed the ninimum gage tn» drog to 60 mils compared te the 100 mils
required in the A-086 steel design., A weight reduction of about 300 pounds
per shipset was realized with this charge.

SINGLE
'PIECE
TITANIUM
SPAR 1
FITTING— ¢

SPAR FITTING
INSULATOR

h r
TITANIUM
SPAR
2 FITTING
" _INSULATION

LOWER A-288 &%
SPAR FITTINGS =%

Figure 18.- Wing leading-<dge spar fittings.
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Subsequert to the delivery of Columbia, element tests revesisd <he
possibility of getting porous substrate in scme areas of the preducticon
parts. High perosity in the substrate reduces the effectiveness of the basic
Silicon Carbide (SiC) coating and the Tetrzethyl Crthosilicate {TEC3)
impregnation. Predicated on the local time at temperature history in <xe
autoclave cure cycle, the high wporosity is gzenerally restri:ted

ts tZe
external surfece shell region. The consequerce is an increase :in <*Ze
oxidation rate in the porous region and in some cases a reduction 2 ==ze

mission 1ife of the affected parts. Reconciliation of this undesiratle
featurz was achieved with & post-coating treatment of a sodium silicaze arxd
graphite liber surface sealant (Type A). Poteniial mission life enharcement
with the Type A surface sealant has been accimplished on all subsequernt
rehicles. Rework of +the Columbia parts to add *he Type 1 coating has btesn
initiated after STS-%.

Susceptibility of the SiC coating to chipping, primarily zround
handling damascz on the edges of the RCC perts, necessitates a reps:r
capability. Tevelopment of a repair procedure included a repair for aajier
type demage that would be jerformed at the manurzcturer's facility and a -epair
for =ainor type <cCamage that could be perfcrmed at the launch =zita.
ifTerentiation between major and minor damage is primarily determired =y
whether the black carbon substrate is exposed by the coating damage. Alzzoush
the launch site repair would provide some protection from local oxidaticrn for
damage exposing the substrate, limitations have *een placed on the procedure
restricting it to one flight only. Several major coating repesirs were mzde on
the Columbia prior to STS-1, typically pictured in Figure 19. Additionzal
launch site repairs were made subsequent to each of the first three missions.
Flighte =aposure of these repairs has allewed several observe+tions.
Performance of the major repsirs has been consistent with ground test resul:cs
in that the repairs have remained intact with zo appearance of shrirrage,
craze cracking, or any cther deleterious anomalies. Assuming congruency wizxz
teast results, atsence of flaws in the repair also suggests that the gubs=rzaze
is edequately prctected from oxidation. Durability of the lsunch site revairs
applied to minor damage eareas also confirms the velidity of this procedure z=»
achieve and maintain the aerodynamic surface. Launch site repairs, utilizi-gs
the re-entry thermal enviromment to complete the cure process, will
occasionally require touch-up to remove flaws that developed due to shrickszg=
or flow of the repair material.

Figure 19.~ Typicael coating rezair.
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The RCC arrowhead, illustrated in TFigure 20, was & redesign =24
retro-fit of the original RSI tile design that feiled the qualification tests
of the explosive separation of tlhe external tank. Configured in two pieces <o
facilitate installation arouri the attach mechanism, the RCC arrowhead pa=tis
are independently attached to the carrier plate with fasteners countersumk
jnto the outer KC surface. DIesign slterations required a rework of =z=Xe
Columbia arrowhead to rrovide a 150 pies joint instead of the joggle over_=p
at the interface of the =wo RCC components. Removal of the flezse
necessitatel a major coatirg <epair which, due to the lack of fliz=t
experience of coating repairs, caused a one-flight Trestriction to be placed e
this particular assembly. Ferformance of the RCC arrowhead during STS-1 w=s
superb, mnot only surviving the punishing explosiva separation but &lso
providing its primary functioa, along with the internal insulation, of thermal
protection of the metal struciure. Contrary to pre-flight, pessimisTic
expectations, the extensive coating repair exhibited no ghrinkage or obvicus
detrimental effects from the initial fiight exposure. Approval was therefcre
granted for an edditional mission. In fact, this arrowhead eventually fZsw
three missions prior to being replaced and used as a "guinea pig” to
subjectively evaluate the multi-missinn capability of an extensive coating
repair and the integrity of the substrate around the attach holes. Sectizms
taken in several areas reveeled that the substrate around the attach hcoZes
locked good, contrary to the condition of the ground test article subsequent
to the simulated separation tests. Tnterface conditions between the substrzte
and the coating repair were cot ideal, but the repair was in excelleat
condition. The presence of localized mass loss was minimal and could actua-ly
have been caused by shrinkage of the repair material rather than oxidetion of

the substrate. .
p K
o

$:

.

. A

RC EXTERNAL }

TANK ATTACHMENT.!

. TN A
Figire 20.- RCC arrowhead.

N\

CONCLUDING REMARKS

Successful completion of the four (4) development test flights and he
initial commercial mission hes demonstrated the adequacy of the Orbiter IZ=S *
design. Compariscns of measured and predicted temperatures and airloads z=zve
verified the analytical models used in the certification of the LESS Zor
operational missions. Posgt-Tlight inspections not only confirmed the basic
design concepts but alsc reveales areas of cesign deficiencies which have tesen
modified to eliminate any rotertial operational problems. In summary, -<Ze
LSS hardware performance hes bte2n outstanding with no degrzdation after =%e
initial five (5) flights.
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