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SUMMARY

_ermo-structural performance of the Space Shuttle orbiter Columbia's

leading-edge structural subsystem for the first five (5) flights is compared

with the de__ign goals. Lessons learned from these initial flights of the

first reusable manned spacecraft are discussed in order to assess desi_-n

maturity, deficiencies, and modifications required to rectify the design

deficiencies. Flight data and post-flight inspections support the conclusion

that the leading- edge structural subsystem hardware performance has been

outstanding for the initial five (5) flights.

INTR ODUC TIO N

Conception of a new era in man's advantageous utilization and

exploitation of space was realized recently with the successful Completion of
the four development test ?lights and the initial commercial mission of the

Space _ uttle orbiter, Columbia. Unique design and construction of the
orbiter %o achieve reusabilit7 a feature previously impractical in space

vehicles, vere attainable wit[! *%e progressive development of high-technology

materials used in the Therm_ I Protection S_st em (TPS) • Multi-mission

capabili_y is the key in achieving cost effective access to space for routine
manned operations. Assessment of this capability is now possible with the

accrued flight data coupled with the information gathered from post-flight

inspections conducted after each flight.

Essential to the total system of thermal protection of the orbiter is

the leading--edg_ structural subsystem (LESS), generally defined as those areas

of the wing leading edge and the forward fuselage that ezceed maximmm

temperatures of °-3OO°F during r__-entry. Reinforced Carbon-Carbo_ (RCC) is

one of the new generation materials that is indispensable iu providing

multi-mission capability in this punishing, high-temperature e._viro_ment while

concurrently maintaining the integrity of the aerodynamic sul_faoes • RCC is a

ha_d carbon structural material possessing reasonable strength throughout the

operational temperature range predicted for the orbiter. Thel_nal shock and

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 substrate by converting the outer surface to

Silicon Carbid6 (SIC) in a diffusion coating process. Further enhamn.ement of

the oxidation protection is provided by post-coating treatments of vacuum

impregnation of the laminate with Tetraethyl Orthosilicate (TEOS).
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Successof the initial five flights of Columbiaimplies that the flight
environmentswereappropriately anticipated and the systemresponseaccurately
_redicted. Althoughverification of the total systemcapacity in te=-msof
reusability remainsunconfirmed,certain parameterscan be evaluated from the
acquired flight data to provide forecasts necessaryfor operational viability
for .he life of the orbiter. Lessons learned during the early stages of this

•:nlque, reusable space vehicle can be used to identify not only areas cf the

_rbiter that need attention to achieve maturity but also technology

deficiencies on which to concentrate research and development for future space
slist em s.

LESS DESIGN

The orbiter LESS basically consists of the RCC h$se" cap and seals, the

w_ing leaoing-edge RCC panels and seals, the associated metal attac.hments to

__he support_ng structure, the internal insulation systems, and the interface

Reusable Surface Insulation (RSI) tiles. Depicted pictorially in Figure i,

_he RCC nose cap and wing leading-edge constitutes approximately 420 _quare

feet of external surface area. Additionally, although not included in the

original d,_sign, pre-flight modification of the region su_roundzng the

forward, external tank attachment was made to include a RCC cover plate,

appropriately identified as the arrowhead illustrated in Figure 1.

Figure 1.- Leading-edge structural subsystem.
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Basic design goals and purpose for the LF_S are to provide
thermo-structural capabilities for the regions of the orbiter thac exceed

23OO°F. Operational requirements include the retention of the eerodym&mic

shape of the outer moldlines, the control of the alt_zin,_n structure maximum

temperature to less than 550°F, and the capability to s!.'stain 1OO missions

with minimal refurbishment. Inter/ace control between the _C.C and the RSI

tiles was a significant parameter in the design not only to retain the

aerodynamic surface for flight quality but also to preclude damaging the more

vulnerable tiles. Serviceability was another issue that dictated the

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

Final design configuration of the RCC nose cap assembly is illustrated

in Figure 2, consisting of the dome, five (5) gap seals,, aad three (5)

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 R'£1 tile envelope. Illustrated pictorially by the representative

panel-seal set in Figure 3, the wing leading edge consists 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.

Dptimization of the size of the panels included as significant parameters:

structural integrity, producibility iz_ terms of tooling and facility
-equirements, and weight.

RCC NOSE CAP.-- k

_½ TITANIUM--_c,:x,,,,,,s,o,,,
. (1) LH, (1) RH _ • "_,-_

D (1)BOTTOM -_- INCONEL 718__/

(1) LH, !1) RH AND RCC T-SF-AL---'q_I_'--'_.-_
(3) LOWER RCCEXPANSIONSEAL

CLOSEOUT TILE (LI2200)'--/' "_

--_ NOSE CAP

BULKHEAD

.",._TITANIUM

INCONEL 718

--CIRCUMFERENTIAL

THERMAL BARRIER

(AB312-SAFFIL)

i

RCC NOSE CAP----_ I,_'_I_"A_(_N _'_k_
// .,,_.. \\

CLOSEOUT //_\ _n_;=_:w_ /_-- RCC T-SEAL

TILE ZF/A_'%,_ "- ........ "/'///_C-- R C C .

(LI2200)--__"_._=:__ . _////,_y_\ EXPANSION

/__id__P-_ SEAL
I,,=ool

Figure 2.- Nose cap system.
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WING LEADING-EDGE

RCC T-SEAL STRIP / -RCC PANELS

22 LH _:___x/ 22 LH

22 RH-_(J___ 22 RH

INCONEL 718--k

.co
T-SEAL _

ARMUFF _p- A-286

_-'-INCONEL

AB312/SAFFIL THERMAL

rlNCONEL 601/
CERACHROME

Figure 3.- Wing leading-edge sysne_m.

Elevated temperature is the primary factor in the design of the attach

fittlngs as well as the internal insulation sy_--n used in the protection of

those attachments. Heat resistant metals such as !ncenel 718 and A-286 steel

are utilized to interface between the _,_CCand the aluminum support structure.

Protection is provided these meta_ components w__th various insulation packages

composed of Dynaflex, AB-312 ceramic cloth, saffi!, or RSI tiles. Dynaflex,

contained in formed and welded Inconel 601 foil, is the primary insulation

system used in the wing leading edge as illustrated in _?igure 3. Blankets of

Dynaflex and saffi! wrapped with AB-312 cloth are used in the nose cap cavity

along -with RSI tiles on the forward face of the access door in the support
bulkhead as indicated in Figure 2.

Thermophysical properties o±' the RCC mate_-ial and the hollow _hell

design promote internal cross radiation from the hot szagnation region to the

inherently cooler regions. This characteris%ic --e_Juces the re_ion
temperatures and the critical lower lug tem_eratu:__s and stagnation

minimizes the thermal

gradients in the shell. Paradoxically, the insuiz%ion used in ne cavi_ to

preclude exceeding the maximum temperature limits established for the metal

components also retards the cooling rate of the lugs, contributing to +,he
undesirable cxidation rate.
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Oxidation rate is the sir_le most important variable parameter in the

determination of missizm life of RCC parts. Oxidation of the carbon s,bstrate

occurs as a result c:" oxygen penetrating the protective coating through

microscopic porosity :r fissures ir_hezent in the coating system. Resultant

strength degradation "_,2 caused by the substrate mass loss restricts the

mission llfe capac£rF through the inability of the RCC to sustain the

predicted loads. Oxi_=__ion rate is a function of temperature, pressure, time,

and the type of envirzmment, either radiant or convective heating.3 Radiant

and convective mass loss correlation curves are presented in ?igtu_e 4,

applicable to the flan_-es and the outer shell regions respectively.
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_2gure h,- RCC mass loss correlation.

Thermal analy_es were performed on the nose cap and representative wing

leading-edge panels to correctly design the temperature sensitive elements as

well as to determ#--_e the temperature histories at selected locations.

Comprnhensive two- -_ three-dimensional thermal math models, developed for the

design analysis, were verified in the development and qualification tests and

used for flight certific ation'4'5

Structural analyses were performed on the nose cap and wi_ leading

edge with the ba_c objective to determine the resultant stresses,

deflections, and margins of safety for the applied environments. _ne complex

nature of the de_ coupled with the deterioration of the Lechanical

properties of RCC wi_h each repeated exposure to oxidation created unusual

analytical problems- Detailed finite element structural models were

constructed for the =_se cap and representative wing leading-edge panels to

insure adequate resolution of the issues. Verification of the analytical

methodology was achieved in the qualification test program which led to flight

certification.6,7 Additional complexity was introduced with the inherent

shape of th_ parts, __h_e variable stiffness of the support structure, and the

interaction of the adjacent parts. Critical stresses had to be determined for

each part, dependen" upon these parameters and sensitive to the distribution

of the applied airlceds. Typical spanwise variation in the air]oads along the

wing span can be ob_e_--ved in Figure 5.
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Figur_ 5 LESS design airloads.

Thermoelast ic stress analyses were also performed on the LESS

components at several time cuts in the re-entry trajectory. Thermal--nduced

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 cons_a/nts

and high thermal gradients exhibited critical thermoelastic stresses during

the initial flights. Coefficient of thermal expansion differences between the

RCC and the metal fittings dictated slotted joint designs to eliminate induced

stresses. Integrated thermal expansion and combined environment- induced

deflections also had to be 8ccurately predicted in order to determine _.he 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 amalyses

verified with development and qualification tests conducted on _- scale

hardware. Critical launch and entry conditions were simulated in these tests,

cyclically exposing the parts to acoustic, thermal, and airload envirou-_.euts.

Comparisons of the predicted versus measured r_-p:ns_ t_ the airloads 6,7

and thermal 4 stimuli resulted in 8pproval of the certification process.

Structural assessment of the flight performance must integrate the results of

ground tests to substantiate any observation or conclusion from the flight

data.
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FLIGHT PERF OP_V-ANCE

Successful completion of the initial fli__ts of C_2umhi_ have provided

sufficient data from radicmetecs, thermocou"ples, and pressure transducers to

appraise the thermal performance. STS flight parameters, especially angle of
attack, sllcwed relatively lower total heat icad _ he_*t rate on the LESS

than that predicted for the design trajectory. _ _-_ design trajectory

differences can be assessed by comparing the heat ra:e an_ hee _. load to a one-

foot sphere. Peak heat rate varied from 80 percent of de-_ign for STS-! to 96

percent for STS-4; whereas, heat load var_-ed from B_ percent of design for

STS-5 to 92 pe.,_ent of design heat load for STS-2. Radi_eter da:a presented

in Figures 6 and 7 for the nose cap and wing leading ed.ge, respectively,

indicates gcod agreement between the oredicted and .aeasured zemperaturez for
the RCC shell inner surface. Measured'STS fligh: temperatures for the _anel 9

attachment clevis fitting ,;ere lower than beth *.he _ _ design predictions

as indicated in Figure 8. Evaluation of the STS fli_-: data iz&i_a:es no

degradation in zhe thermal performance of the L_S com;_nents, particularly

the insulation systems.
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Figure 6.- !,Tose cap HCC inner moLd_line (_) t_per =-ture-
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Structural performance evaluation requires a more subjective appraisal

since the elevated temperature environment precludes the direct acquisition of

Clight airload data in the critical regions. S_ain measurements were limited

to special, instrumented attach fittings on the wing leading-edge panel 13,
;alibrated tc determine the magnitude and direction of the flight airlOads

luring ascent. Effective loads are combined external aerc/_ynamic pressures

ind iutornal cavity pressures. Load vectors, parallel to the wing front spar,

_re developed by integratirg the differential pressure over the surface area

)f a panel. Feak ascent loads occur in the maximum dynamic pressure regime
;oincident wi_ tr_n_i,: s'_eeds between 1.0 and 1.5 Mach number. Ascent load

rectors, developed from flight strain measurement3 on panel !3, average about

;ieven (Ii) percent higher than the anticipated loads as irdicated in Figure

). "_is is considered to be excellent correlation and indicative that

-eali_tlc airioads were used in _he LESS structural analyses.

Vibroacoustic environments that were used for the LESS design analysis

_nd flight qualification procedares were determined to be conservative from

;he flight dsOa. Wing leading-edge flight acoustic _.ta present in _igure 10

con-z_.arativeiy less tlan the design en,rlronment. Impact of __.is difference is

ionsidered negligible at this rime but indicative that th_ critical margins of

;afecy for the RCC !ugs are conservative from the v!brcacoustic effects

,er spective •
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General flight performance characteristics can al_-o be deduced __rom the

flight dsta and the post-fliGht condition of the par_.s. _%r&ct_r_f_iy, _he

!e_ding edge has app: rently achieved its purpose of maintaining the

aerodynamic shape throu__out the flight, inclusive of the e!evat_d te-----i_eratu:'_

re.zime during atmospheric re-entry. Elasticity_ of the .'._C compouen--- can he

deduced from the fact -_hat the parts returned to their o, iglnal =_#-_pe ar_

pozition after aerody_-amic pressure and therm-_i- induced ii_n_rtior- _-

Y,c-.iceable markings on the side load restraint pins aid _n the ?CJ _a:_eL %0 ,77

g=-;_-seal mating surfaces c&nfirm that the parts er:erience notL-ms 8hi

di=-Dlacement patterns compatible vith the analytically predic'_ed _-_-_sponse.

A__-_oug_h dJ__p!acement ma_-nitudes cannot be determined, :-isua! inspections have

reTealed no anomalies and no conditions generating concern for _e s_-'-_'ctur =-'-

imzegrity of the leading-edge system.
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L_SCTS LEAPNED

_eveloDment tests, qual__lcat!o _.,.,..o_,:,_ _.ooo _*" _, Space Zhu:tle
" . _ -÷_ =_d ev_lu a_i_n ,,uu_a_J _ ...... th _ - _r

deve!e_men_, _e_.._, --- q - = ...... t _d dosign ._ufficiency :u. a±.

ro am have no_ only cc_-t"irmed De--: con_._. _-_. "- _ .... _- m_t case =- been
p gr .... _ _^_4_ _fi "e_c4-s. MOalIiCa_iOt_ ha,,= _- ....

revealed areas u_ u=o_ .... cl ....

adopted to rectify tho_-e defici encie-=-

..... _=-s on L_,_,g interface geo=etri: .."esi.6_-_

Gap heatlng aevelopmen_ _ -- " - _ *o PSI : _terface. ---_-- g_"

concepts revealed _ the.--/sl anoma-: a_ the ,-,-_ RCC and "he RSI nece s°-ltatec
* _ therma_ oarrier between .z. _ . "" . e_e_c

_ntruslon around ne _o- a _er -_vidence :tom STS-I :nc _._ -

a redesign to incorpor)2e ah2 _a em_nat_r46-_rom the _^wer interface _-eaton
indicated the continuan-- of g - - *_ ,o;_ication

and flowing through the LESS cavity as 511ustra:ed in :_igure !" ......

of the flow stopper to eliminate _ia f_o_-_h-'oug h was incorporated end the

effectiveness verified in the subsequ_n_ flJghZs as indicated in __gure 12.

Heatin_ phenomena at the lower centerline region of the nose cap d,__r_ STS-_

created a condition in the interf_e tiles unique to this flight. Hot ga_

penetration into the gap between t-_o interface tiles caused sl_'mpir4/=eltir_
+ • . . hemal dsr, age to _he gap fillers, fil l_-r bar_:, and flo;-

of .he tlles, t ...... = -_,-_num carrier--r late as depi c_-ed in

stoppers, and local reel r_g .-^+ -_= _am_u_e into the insulation b!_-u_ers was
• ure i _enetra_lon ol _n_ nu_ _-_ - -_ . .... _ °++_e__ts was

Fig 3. - . .... _ +he no_e cap _:_u,_=_. ......

minimal, and no evidence of overnea--_g u_ _ T ...... flights ha_ been

found. Gap heating damage in thi- = region during orevlous

limited to tile slumping and fii!e_ bar overheating; therefore, t_is is

assumed to be a problem associated w_th flow stopper ar_ gap filler __ission

life.

.!

Figure ii.- Win_ e._--di::g-edg e ho_ gas _:low.
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Ca--,:l'.ill<'."but else reve-%]e] a li.-,ited life of about thirty ,!]0) miss_-;.s. A
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Insulation blankets of AB-312 wrapped Dynaflex used in the nose cap Nave a

highor temperature cspacity than the Ineonel sheathed I_-naflex used in the

wing leadir_ edge; however, it is more susceptible to installation handling

damage. -_xposure to temperatures in the range of 23OOOF causes the AB-_I2

fabri _ to become friable. Damaged insulation as a result of hsm.dling in the

nose cap qualification 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 four (4) flights

reveal no deterioration, and the fli_:t data has revealed no thermal

performance degradation. Additional life tests will be used in conjunction

with continued, scheduled inspection of the flight insulation system to

establish ".he actual life capacity.

WING LEADING SPA_ INSULATION

PHASE B THERMAL TEST STS-5 WING LEADING-EDGE

(20 OXIDIZING CYCLES) SPAR INSULAT!ON

Figure lb.- Wing leading-edge insulation system thermal effects comparison.

NOSE CAP CAVITY INSULATION

Figure 15.- ;lose cap insulazion system thermal effects comparison.
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R_lated to the insulation system is a phenomena occurring on the _-ing

_.-ont spar where the Inconel sheathed Dynaf3?x insulation is attached directly

to ne eluminum honeycomb spar. Corrosion of the aluminum, appearing as

blisters in the Supel" Koropon paint as illustrated in Figure 16, is assumed to

be a rusult of galvanic activity caused b) the contact of dissimilar metals
with the source of moisture being 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 0V-102 wing front spar is constructed of

aluminum honeycomb with face sheet thicknesses ranging from 4 mils to 120 mils

that is painted with 1 mil of Super Koropon for corrosion protection. The

insulation is _ontained in 4-m/1 thick wafZled Inconel foil. Corrosion,

occurring in discrete areas, created pits in t,e a±uminum 80 to 1OO mils in

diameter and I to 14 mils in depth, some of which penetrated the face sheet.

._amifications of the corrosion range from no impact for the minor pitting to

potential structural damage for the areas ur.der major attack. Vi%bfe
solutions include additional coats of Super Koropon and RTV 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 re tro-fitted to the LESS design pn several wing

ieadlng-edge panels as a result of a substantial increase in the predicted

eirloa_-. Joint tolerances and the design concept required by the temperature

environment caused some speculation on the effectiveness of _ese fittings in

reducing the critical I_CC stresses. Substantiated by qualification tests and

the absence of problems with the flight performance, the moment constraint

fitting concept has proven to be an effective design "fix."

0
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Fig_Ire 17.- Wing leading-edge panel attach hardware.

Wing leading-edge RCC _nels are cantilevered off th_ front spar at

.._oh_temperature, A-286 steel fittings, Figlre 18 shows thefour points by _=

general corn_igur_tion ., The initial material selection and sizing for these

fittings were d__,Jen by expected temperatures (about lO00°F) and large

airloads. In addition, producihi__ity required a minimum gage of lO0 mils for

this very tough material. As the design environments matured and the analysis

methods became more refined, pe_ k temperatures dropped below 600°F. This

allowed 6AL-4V titanium to b_ used in lieu of steel. At the same time, the

load paths were o[,tim_zec, resulting in one piece fittir4s. Producibility

gains allowed the mizdmtu-_ gage to dro_ to 60 mils compared to the i00 mils

required in the A-286 st_el design. A weight reduction of about 300 pounds

per shipset was realized wi_h this charade.

SPAR FITTING
INSULATOR

SINGLE

' PIECE

TITANIUM

SPAR

Figure 18.- Wing leading-_dge spar fittings.

E
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Subsequent to the delivery of Columbia, element tests revealed _e

possibility of getting porous substrate in some areas of the production

parts. High porosity in the substrate reduces +.he effectiveness of the basic

Silicon Carbide (SIC) coatir_ and the Te tr-ae thyl Crthosilicate ,'TECS)

impregnation. Predicated on the local time al temperature history in -.he

autoclave cure cycle, the high porosity is generally restrizted to =he

external surface shell region. The consequence is an increase in the

oxidation rate in the porous region and in sc_e cases a reduction in _.he

mission life of the affected parts. Reconciliation of this undesirable

feature was achieved with a post-coating treatment of a sodium silica-e and

graphite iiber surface sealant (Type A). Potential mission life enhanzement

•_ith the Type A surface sealant has been accomplished on all subsequent

"ehicles. Rework of the Columbia parts to add %he Type A coating has been

initiated after STS-5_

Susceptibility of the SiC coating to chipping, primarily gr o u_nd

handling dama_ on the edges of the RCC p_.-ts, necessitates a repalr

capability. Eevelopment of a repair procedure included a repair for major

type damage than would be _erformed at the manuf_c_tu'er's facility and s repair

for minor type damage that could be perfcrmed at the launch site.

Differentiation between major and minor damage is primarily determined hy

whether the black carbon substrata is exposed by "Cue coating damage. A!-_hou_-h-

the launch site repair would provide some protection from local oxidation for

damage exposing the substrate, limitations have been placed on the procedu-_e

restrictir_ it to one flight only. Several major coating repairs were made on

the Columbia prior to STS-I, typically pictured in Figure 19. Additional

launch site repairs were made subsequent to each of the first three missions.

Flight. ex postu-e of these repairs has alined several observations.

Performance of the major repairs has been consis:ent with ground test resulus

in that the repairs have remained intact with no appearance of shrinkage,

craze cracking, or any ether deleterious anomalies. Assuming congruency wi=h

test results, a_-sence of flaws in the repair also suggests that the subs=raze

is adequately prctected from oxidation. Durabilit! of the launch site repairs

applied to minor damage areas also confirms the v-_-!idity of this procedure -o

achieve and maintain the aerodynamic 3urface. La-_nch site repairs, utillzir_

the re-entry thermal environment to complete the cure process, w-ill

occasionally require touch-up to remove flaws that developed due to shri_kage

or flow of the repair material.

1080

Figure 19.- Typical coa_ing re calf.
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OF pOOR QuALI'C,:

The RCC arrowhead, illustrated in Figure 20, was a redesign =__rid

retro-fit of the original RSI tile design that failed the qualification te-_-_-s

of the explosive separation of the external tank. Configured in two pieces :o

facilitate installation aroun; the attach mechanism, the RCC arrowhead pa--_ts

are independently attached to the carrier plate with fasteners countersuz_k

into the outer _CC surTace. _esign alterations required a rework of -_-he

Columbia arrowhead to provide a !5 ° bias joint instead of the joggle overlap

at the interface of the _wo RCC components. Removal of the flar__-e

necessitate/ a major coatirg repair which, due to the lack of fli-_t

experience of coating repairs, caused a one-flight restriction to be placed zn

this particular assembly. Perfo_--mance of the RCC arrowhead during STS-1 ,--ms

superb, not only surviving the punishing explosive separation but also

providing its primary function, along with the internal insulation, of thel-xml

protection of the metal s.-ructure. Contrary to pre-flight, pessimi_c

expectations, the extensive coating repair exhibited no shrinkage or obvious

detrimental effects from the initial flight exposure. Approval was therefore

granted for an additional _--'ssion. In fact, this arrowhead eventually flew
three missions prior to being replaced and used as a "guinea pig" to

subjectively evaluate the multi-mission capability of an extensive coatlmg

repair and the integrity of _.he substrate around the attach holes. Secti_s
taken in several areas revealed that the substrate around the attach hCL_--S

locked good, contrary to the condition of the ground test article subsequent

to the simulated separation tests. Interface conditions between the substr_±e

and the coating repair were not ideal, but the repair was in excellemt

condition. The presence of localized mass loss was minimal and could actually

have been caused by shrinkage of the repair material rather than oxidation of

the substrate.

2 _. )/

FTCC EXTERNALANK ATTACHMENT:

Fi&-_re 20.- RCC arrowhead.

COw,eLUDING RF_MARK S

Successful completion of the four (4) development test flights and r.he

initial commercial mission has demonstrated the adequacy of the Orbiter L_S

design. Comparisons of measured and predicted temperatures and airloads h_=ve
verified the analytical models used in the certification of the LESS for

operational missions. Post_fli_nt inspections not only confirmed the ba_=ic

design concepts but also reveal_ areas of design deficiencies which have been
modified to eliminate any potential operational problems. In summary, "_he

L_S hardware perTormance has been ou:standing _th no degr__dation after -he

ir_itial five (5) flights.
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