‘ @ https://ntrs.nasa. gov/search Jsp?R=19820006404 2020- 03 21T10: 08 27+00:00Z

. ormanée ofa
Lanlum Multiwall -
{ I’hel‘lflfla‘d Protectlon System

‘ Don E. Ave’r‘
‘§ John L. Shldeler e i
| and RobertN Stugkey

(NASA“TP-1961) THERMAL ANL AELCTHERMAL N82=14277

PERFORMANCE OF A TITANIUM MULTIWALL THERMNAL ‘

PRBOTBCTION SYSTEM (NA3A) 59 p HC AQ4/MF A1

CSCL 228 Unclas
d1/18 06174

*
! ¢
. :
N
\k ]
! 4
3
L} -
¢ i
|
S
J-....i
-
o
e
) {
‘ 1
“
'
- o erk s ¥ ora bt kS s 4 4 bt AN e A stmm s v (3iat F1 e ial S shrkan A riai e by § s wn . A7y e s .
R [% VR s i b a3 o, N ! \
mr o e ity i et o s . St L L ' : -
e T TR e gt St S R e e iy
. ‘




I 1 1 LT kbl o MR s et R R e i i

NASA
Technical
Paper
1961

1981

Thermal and Aerothermal

| Performance of a

Tianmum Muluwall
‘Thermal Protection System

Don E. Avery and
John 1. Shideler
angley Research Centey
Hampton, Viorginia

Robert N, Stuckey

I yndon B, fohinson Space Center
Houston, 'rxas

NASA 4

Serentitre and Teehme ol
Information Bra o h




%,

5
e e e

<

s
e

Use of trade names in this publication dces not
constitute endorsement, either expressed or implied,
by the National Aeronautics and Space Administration.

ety

i~




SHMMARY

Ametallic thermal protect fon systom (PP conceept catled "malt iwat 1
o disevete Cilen which have asmltiple Tayers of domadod and that toil bonded toaet het
At the crest o the dimpled sheetse Titaniim tiles desiaoed tor tomperat ure and
proessure at shutt te body point 3L where the masimmm Surtace fomperat are in app oxe-

tmat ely 311 K have boen testod to ovaluate thormal portorsanee amd straet ural
inteagrity.,

vonsii st s

Atwotite model of titaniam mltiwatll and a model consist ing

ot how-tomperdat ure
roeusable suttace fnsulat ton ey

tiles were oxposed o 2 simalated thormal and
prossure Shutt e ent ey wiasions in the dohnson Space Centoer Bad tding 130 cadtant heat -
mode ! deteviovated during
the tests, Results of the tests indicate that vedesian of the malt iwall tiloes
reduce tile thichness and or wediaght . Cumalat ive vadiant heat ing
mat ely 0 hae,

g gystem,  The two models pertormed the aese,  and neithor

LRt

could
time was approxi-

A ninectile mode!l of titanium maltiwvall wans subijoctod to

noven radiant heat ing
tests and ciabt vadiant preheat acrothermal toests (o

the Tanaley Re=toot tiagh-
Tewmperature Strnctures Tanne ., Waind-tannel test condid vons

wore at nominal Mach
numbers of haooand oL withe a total temperature betweon 19590 K oand 1930 K
pressure between S0 and Chee RPae Cumnbat ive vadiant
mately ¢oheoand cumualat tve exposure fame to the

and dvnami e
heat ing time was approsid -
Ny personie stream waes BN s, The
overall o sound prensute Tovel (OARPL)Y during the aevot hevmat

tosts was approsnimat ety
Tod i,

L on the mn b iwa bl tites overhanaing downstream o leos proved to be otiect tve

toptevent tine tlow i the gaps between the tiles of the naone- tile moeddel oven thouah
i
toaonte casiess the Tipn back led. Phe surtace of the maltiwall trles ataso satvaved

1
tame tous: sl particle ameacts trem the tunnel sotoeam,

At houalt nuamer ous taibures in (e atruactural bonds occirred dur ing the aevoe

' thermal test setves, o catastrophie tatlures i the e structure occurtod. Pheooe

Patlures are attrvibuted to o mproper constrarnt of thermel o growth at the bonndary ot
the avray and to tabrrcatton ditticultios inherent oo the initial ¢ite

«1(‘:=\\1H.
W“"§ Doebonding did not acecur oo {the centon

tite which had mote realisntic boundaty condi
tronse Minor desian chanaes should improve stracetaral intear ity wit howt
"

having an
tmpact on the thermal protection abi ity of the titanimm alt iwall e,

Tﬁg‘f The e tenta deimonstrated the capabi bity o 0 Citanimm mult iwall thermal Prot o
‘l tron svabom tooprotect an atumnune an tace durinag o Shatt e tvpe ontiy tratectory at

s Tocattones on the velinete where the masimm s face tompetature i below 11 X,

- ;

INPRODUCE L ON

0

‘X At brc tar e therma! protect ton o svstem CUPsY cocent catted fmult iwaltto g

“‘k Deanag stabeedd gt the banaley Resoars b vonter {retas. 1 to 4y, At e Ty vereiion oottt he
) mu bt iwa bl cocent waes st et foe s antearal Toagnng bvdbongen tank o for a1 enesab) e
| e e rtattoen vehiicle whete the bt iwall Asamu bt aneonsly per tormed the tan
}‘ o ot PR oy sty act ot e el o tank yret, Yy, Mt coneept comiratod ot al ten

IR AN dC e Wb 1y
ot SR




|
1
.
|
|
|
|

D AP AR oI 8 W s s e e o

nate layers of dimpled and flat sheets welded at the crests of the dimpled sheets.
Foil gage ounter layers from which the alr was evacuated served as thermal protection,
and thicker inner layers formed a structural sandwich. The sandwich carried fuselage
lnads and served as tankage for cryogenic fuel. This design was unsuccessful because
of high thermal stresses between the thermal protection layers and the structural
layers and the inability of the outer layers to maintain the vacuum required to pre-
vent cryopumping. However, results from this study led to the present multiwall
concept which is a discrete tile, vented TPS. The redesign of the multiwall TPS to a
discrete tile system alleviated the thermal stress problem. Fach tile is supported
near its corners, allowing for thermal bowing and expansion relative to the cooler
primary structure to which the tile is mechanically attached. The tiles were
designed for Shuttle body point 3140 (a location on the center line and slightly
forward of the pilot's windshield). This location was chosen because the maximum
surface temperature of 811 ¥ i¢ within the temperature capabilities of titanium.

Thermal performance of a two-tile model and, for comparison, a model of low-
temperature reusable surface insulation (LRSI) (ref. 6) were evaluated by 25 radiant
heating tests at the Johnson Space Center in the Building 13 radiant heating test
system. The tests simulated temperature and pressure at body point 3140 for an
orbiter entry mission. In addition to these tests, the aerothermal performance and
structural integrity of .un array of nine multiwall tiles was evaluated in the Langley
8-Foot High-Temperature Structures Tunnel (8' HTST). The model was subjected to
seven radiant heating tests and eight radiant preheat/aerothermal tests. Most of the
heating tests were representative of a Shuttle entry temperature history for body
point 3140. For the aerothermal tests, radiant heaters were used to apply the first
part of the entry temperature, and the 8' HTST provided aerothermal loading at the
time of maximum surface temperature. The aerothermal tests were at local Mach

numbers between 5.6 and 6.8, and the unit Reynolds number was approximately 1.9 x 10%
per meter,

SYMBOLS
Mo local Mach number
M, free-stream Mach number
P pressure, Pa
Ay free-stream dynamic pressure, kPa
R unit Reynolds number per meter
t time, s
T temperature, K
Tt,c total temperature in combustor, K
Tirg temperature on top surface, K
X,Y coordinates of multiwall instrumentation, cm
a angle of attack, deq
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DESIGN AND FABRICATICN OF MULTIWALL TILES

The design condition chosen to allow for the use of titanium 6A1-4V was a maxi-~
mum surface temperature of 811 K., Additional design conditions were a maximum pri-
mary structure temperature of 450 K and a maximum differential pressure across the
tile of 6.9 kPa. By using these design conditions, the titanium tile was designed
for minimum weight. More detail is given in reference 1. Body point-—-3140-on—the--
Space Shuttle satisfies these design conditiong and was used as the design point.
The location of this body point on the Shuttle orbiter is shown in figure 1. The
temperature and pressure histories at this body point for Shuttle entry trajectory
14414.1C are shown in figure 2.

The multiwall tiles were sized based on the temperature and pressure conditions
shown in figure 2. Current aerodynamic moldline constraints were not considered.
The effective conductivity of the multiwall was calculated by using techniques pub-

lished in reference 1. Even though the pressure is very low during most of.the ... - .- -

entry, it is greater than the threshold level of 0.0133 Pa below which the conductiv-
ity of air can be neglected. Consequently, air conductivity was included in calcu-
lating the effective conductivity of the multiwall. Free convection in the air
volumes created by the dimpled and flat sheets was prevented by sizing the volumes
such that the Grashof number was less than 2000 (ref. 1). The pitch and height of
the dimpled sheets and the number of layers were determined so that the maximum tem-
perature of a 0.41-cm-thick aluminum plate beneath the tile would not exceed 450 K.

Test tiles of this configuration were fabricated by Rohr Industries. Figure 3
shows an exploded view of a multiwall tile prior to fabrication by liquid interface
diffusion (LID) bonding. (This bonding process, which requires significantly less
contact pressure than conventional titanium diffusion bonding processes, is propri-
etary to Rohr Industries.) The dimpled sheets and edge closures were superplasti-
cally formed before bonding. One of the fabricated tiles with characteristic dimen-
sions is shown in figure 4. The tile has a thickness of 1.75 cm and weights 3.66 kg
per unit planform area (m“), Details of the design and fabrication sequence are
given in references 2 and 3. The edge closcure for each tile is beaded to increase
buckling strength and is skewed 25° relative to face sheets to provide a "scarfed"
interface between adjacent tiles. These scarfed joints reduced heat transfer through
the gaps between tiles by increasing conduction length and reducing the radiation
view factor. A 0.51-cm-wide lip (fig. 4) overlaps adjacent and rear tiles downstream
to reduce the possibility for flow in the gaps between tiles. A lower lip also
extends under upstream tiles.

The attachment scheme is illustrated by the two-tile model shown in figure 5.
Two attachment tabs are LID bonded to the tile underside on one edge. These attach-
ment tabs slide under ~lips which are fastened to the aluminum plate which represents
the vehicle primary structure. Each tab also slides through a clip which is bonded
to the underside of an adjacent tile. Thus, each tab holds down a corner of two
tiles. Shoulders on the tabs prevent excessive tile lateral motion, and the location
of each tile is independently indexed on the structure. The perimeter of each tile
rests on a strip of Du Pont Nomex felt 2.54 cm wide by 0.48 cm thick, which serves to
inhibit any hot gas flow which might otherwise leak under the tile. Since the felt
is compressed when the tile is attached, it provides a spring force and damping to
prevent the tile from rattling.
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DESTGN AND FABRICATION OF MODELS

Two multiwall toest models wore tabricated:  a two=tile model for oyvelic radiant
heat ing tests at the Johnson Space Conter (I8C) and a nine=tile model (aorothermal
mode 1) for acrothermal toests in the Tangley 8=Foot High=Temperature Structures Tannel
(8 s, A model consisting ot the more widely known law=temperdtuare rveasable
surtace insulation (LRSTD) tiles was also fabricated for testing at JSC to provide
comparative data with the miltiwall system.  The top surface of the multiwall two-
tile model and the nine=tile model was coated with a high=temperature paint (Sperex
VHT 8P=101).  This coating provides a high solav reflectance for temperature control
in orbit and a high emittance for ontry heating.  Tn addition, the tiles on these
models wore attached to an aluminum plate that represents the thermal mass of the
primavy structure at the design point.

Cyclic Radiant Heating Models

The models for cyclic vadiant heating tests (fige §8) were a two-tile wmodel of
titanium multiwall and a model consisting of LRSI tiles of equal surface arca.  The
two-tile model of titantum multiwall (figs. 5, 6(a), and 7) consisted of two tiles
attached to an aluminum plate 34,87 by 73,03 by 0.41 ome All the installation com-
ponents (tabs, clips, and Nomex felt) intended for flight application were used.  The
coating on the two=tile model was inadvertently not cured beforve testina,

The TLRST model shown in figures 6(L) and 8 consisted of six 1.14-om-thick LRSI
tiles which wore siced for the acrvodynamic vequivements at the design pointe. (The
tile thickness at this body point on the Shuttle is greatev than that vequirved to
protoect the aluminum structure because it is sized to meet acrodynamic fairing
rvoquirements rather than thermal requirements alones)  Bach tile was individually
bonded with Goneral Blectrice RV 560 to a 0udt=cm=thick Nomex folt strain isolation
pad (S1P) which was in turn bonded to an aluminum plate approximately the same sise
as that for the multiwall two-tile medel.  The STP was sized 1.25 om smaller than the
LRSI on cach edae to allow for Nomex felt strips (filler barg) 1.91 om wide and
0.4 om thick to be bonded to the primary structure around the perimeter on cach Ste.

See figse 6(bYe)  The LRSI P8 weighs 2,98 kg per uanit plantform area (m™) at the
Jdoesign point.

Acrothermal Model

The nine=tile model (fige 9) used for acrothermal teasting consisted of an avray
of nine miltiwall tiles.  tn ovder to avoid long lonaitudinal gavs (a gap most nearly
aligned with tflow) between the maltiwall tiles, the individual tiles were staagaqeved
and rotated 300 to the flows  The large wrinkles in the downstream corners wove (he
result of tooting problems incurred during fabrication of the individual tiles. 1In
order to espedite fabvication of the test articles the tools wore not modified to
oliminate the wrinkles,  the aluminum plate representing the primarvy struacturs was
supported by aluminum channels Shat were thermally jsolated trom the aluminum plate
with I Pont Teflon tape,  The tile attachment clips on the atuminum plate and Nomex
telt used to inhibit tlow and rattling arve shown in figquie 10 These attachment
scehomes are the same intended for Flight applications A low conduct ivity Glasvock
miterial was rnstalled around the tiles to provide a smooth aerodynamic sarvface and
to thormally protect that part of the alaminum plate which was not covered by the
tiles,  Thermal oxpansion aapes were 1ottt between the maittiwall tiles and the alasvock
and wore filled with Havhison=Carborundim. Fiberfrax felt insalation to prevent flow
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into the
boundary
the edge
tions on

gaps.
tiles that partially restrained the tiles from thermal expansion. Although
condition is not representative of full-scale application, the edge condi-

the center tile where no Fiherfrax was used are considered to be realistic.

This method of installation produced gtiff edge conditions for the

APPARATUS AND PROCEDURE
Cyclic Radian* Heating Tests

The multiwall two-tile model and the LRSI model (figs. 7 and 8) were mounted on
a panel holder and exposed to 25 tests in the JSC Building 13 radiant heating test
system. The tests simulated Shuttle entrxy temperature and pressure conditions shown
in figure 2. Cumulative radiant heating time was approximately 20 hr.

Panel holder.- Each model was thermally isolated from an aluminum panel holder
121,92 by 121.92 cm by 0.64 cm thick by a 2.54-cm-thick layer of Lockheed LI-200
silica insulation placed between the panel holder and the aluminum plate representing
the primary structure. The insulation was used to reduce heat losses from the back-
face of the primary structure. Additionally, each model was insulated around all
sides level to the top surface (hot face) of the model with Fiberfrax insulation.
sketch of the LRSI model test configuration cross section is shown in figure 11.
multiwall model was installed in a similar manner.

A
The

Test facility.- The JSC Building 13 radiant heating test system (fig. 12) can
simultaneously simulate the thermal (up to 1600 K) and pressure (down to 0.09 kPa)
environments that spacecraft thermal protection systems are exposed to during ascent,
orbit, and entry phases of a mission. The primary components of the system include a
radiant heater system, a cryogenically cooled panel, a 11.33-m” vacuum test chamber,
and a rain simulator.

The simulated ascent and entry heating environments are produced by a heater
system consisting of electrically heated graphite elements enclosed in a gaseous
nitrogen purged fixture box. One side of the heater system has a columbium susceptor
plate to reradiate heat to the test model. The heater system is mounted in a boiler-
plate Apollo command-module test chamber (figs. 12 and 13} that is evacuated by a
mechanical vacuum pump. The heater system and cryogenically cooled panel are mounted
on rails to allow either one to be poscitioned over the test article during testing.
Thus, the test model can be heated or cooled while vacuum conditions are maintained.
Models up to 61 cm square can be tested in this facility. Tor the cyclic radiant

heating tests, only the vacuum and radiant heater systems were used to simulate entry
< conditions.

Test proced:te.- Both models were positioned within the test chamber with the
top of each model about 2.54 cm below the heater. The heater was positioned over one
of the test models, then the chamber was evacuated to less than 0.09 kPa. After the
chamber pressure stabilized, the model was exposed to a simulated orbiter mission
thermal and pressure entry test cycle. While the first model was cooling, the heater
was positioned over the second model and the test sequence was repeated. The models
were visually inspected after each cycle.

Instrumentation.- Instrumentation placement on the models was designed so that
the performance of the multiwall model could be evaluated in response to cyclic radi-
ant heating and so that comparisons could be made between the models. The multiwall l
two=-tile model was instrumented with 25 No. 30 gage and 7 No. 24 gage chromel=-alumel
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thormocouples at the locations shown in figure 14, The Aimensional locations are
given in table T. The seven thermocouples on the back surface of the aluminum plate

wore attached by peening.  All other thermocouples were sandwiched between..the.model.. ... ...

and a titanium foil strap spot-welded to the model (fig. 15).

The thermocouple locations for the LRSI model are shown in figure 16. The eight
thermocouples attached to the hack of the aluminum plate were No. 24 gage chromel-
alumel and were peened into the aluminum. The other seven thermocouples were No. 30
gage chromel-alumel and were either imbedded into the LRSI surface or sandwiched
between LRSI and Nomex.

Data reduction.- Heater operating conditions, environmental test conditions, and
model temperature response data were recorded by two data acquisition systems. One,
an analog-to-digital recording system, digitizes analog data for all channels and
records it on magnetic tape so that the data can be reduced at a later date to pro-
vide history plots. In addition, critical real-time data were recorded and displayed
on the other system which consists of self-balancing potentiometer-type strip-chart
recorders that also serve as a backup system for the analog-to-digital system.

Aerothermal Tests

The nine-tile model was mounted in a panel holder and subjected to seven radiant
heating tests and eight radiant preheat/aerothermal tests in the Langley 8' HTST.
Four of the radiant heating tests were thermal cycles to cure the VHT SP-101 surface
coating on the multiwall tiles. Except for the curing tests, all tests were repre-
sentative of a typical Shuttle surface temperature history (fig. 2). A summary of
all tests is given in table II. Also, wind-tunnel test conditions for the aerother-
mal portions of the tests are given in table III. Cumulative radiant heating time
and aerothermal exposure time were approximately 6 hr and 294 s, respectively.

Panel holder.~ The nine~tile model was installed in a panel holder (figs. 17
and 18) which can accommodate test models up to 108 by 152 cm. (See refs. 6 and
7.) The aluminum support channels of the model were bolted to I-beams spanning the
panel holder model test area. The aerodynamic surface of the panel holder is covered
with 2,54-cm-thick low-conductivity Glasrock tiles to thermally protect the internal
structure. A sharp leading edge with a lateral row of spherical boundary-layer trips
was used to promote a turbulent boundary layer whereas aerodynamic fences provide
uniform two-dimensional flow over the entire aerodynamic surface. Surface pressure
and aerodynamic heating rates were varied by pitching the panel holder to a prede-
termined angle of attack. Differential-pressure loading across the model was main-
tained at a minimum by venting the panel holder cavity to the lower pressure on the
leeside of the panel holder through a series of check valves.

Test facility.- The 8' UTST (fig. 19) is a large blowdown facility that simu-
lates aerodynamic heating and pressure loading at a nominal Mach number of 7 and at
altitudes between 25 and 40 km. The high energy needed for this simulation is
obtained by burning a mixture of methane and air under pressure in the combustor and
expanding the products of combustion through a conical-contoured nozzle into the open
jet test chamber. The flow enters a supersonic diffuser where an air ejector pumps
the flow through a mixing tube and exhausts the flow to the atmosphere through a
subsconic diffuser. This tunnel operates at combustor total temperatures between 1400
and 2000 K, free-stream dynamic pressure from 14 to 86 kPa, and free-stream unit
Reynolds numbers per meter from 1.0 x 10° to 10.0 x 10°%.

d 3 ¥ LA a0 [ o M
B Ll e Lt i i ek Al i R i : TR i




|
\/:/,i,__,-‘#_'

R

o

;)N/‘;.W‘LN.,‘.A

1

]!

T
i

<

-3

O

- B plate!
PR 57.:_———.—\,Nf‘~——\, k3¢

T e

The model is initially covered with a radiant heater system which also gerves as
an acoustic baffle and stored in a pod below the test stream (fige 19(b)) to protect
it from adverse tunnel start-up transients and acoustic loads. Once the demired flow
conditiona are established, the heater system is retracted and the model is rapidly
inserted into the test stream (fig. 19(c)) on a hydraulically actuated elevator. A
model pitch system provides an angle-of-attack range from =20° to 20°.

The radiant heating system can be used for the radiant heating tests and as a
preheat for the aerothermal tests. The heater system consists of quartz-lamp radia-
tors mounted beneath the acoustic baffles (figse 19). The radiant heaters are powered
by an ignitron power supply and are controlled by a closed~locp servo gystem to give

the desired temperature histories. More detailed information about the 8' HTST can
be found in refererc2s 7 and 8.

Test procedures.~ Figure 20 shows a typical surface temperature history for a
multiwall tile during the aerothermal tests. For the radiant heating tests, the
aerothermal portion of the curve was omitted and the surface temperature followed the
Shuttle trajectory until the required heating rate was below the value which the
radiant heater system could control. For the radiant preheat/aerothermal tests, the
surface was heated according to the entry trajectory temperature history (fig. 20)
and was exposed to the wind-tunnel conditions at a preselected time within that tem-
perature history. The procedure for the aerothermal part of the tests was to start
the tunnel, obtain correct flow. conditions, de-energize the radiant heaters, retract
the heaters and acoustic baffles, and insert the model into the hypersonic stream
while simultaneously pitching the panel holder. The time elapse between the heaters
being de-energized and the model entering the stream was kept to a minimum (approxi-
mately 5 s8)., The desired angle of attack is reached prior to the model reaching the
stream center line. The model was exposed to the hypersonic stream for as long as
flow conditiens could be maintained. At the end of the aerothermal exposure the
procedure was reversed, and tunnel shutdown was initiated after the heaters and
acoustic baffles had covered the model. Because of equipment problems, the radiant
heaters could not be re-energized and natural cooling occurred. In these instances,
the tiles were exposed to cooldown rates that were always more rapid than that shown
in figure 20. The aerothermal tests were conducted at local nominal Mach numbers

between 5.6 and 6.8, and the unit Reynolds number per meter was approximately
1.9 x 10° (table 1II).

Ingtrumentation.- Instrumentation placement on the multiwall nine-tile model was
designed to evaluate the multiwall TPS design with reference to aerothermal loading,
Instrumentation on the panel holder rontrolled the radiant heaters and measured the
acoustic environment to which the nine-tile model was exposed. All model and tunnel
instrumentation data were recorded by high-speed digital recorders.

The nine-tile model was instrumented with 52 No.. 30 gage chromel-alumel thermo-
couples installed in the same manner as for the two-tile model. (See fig. 15.)
Thermocouple locations can be determined from figure 21. 1In figure 21 the tiles are
designated by a letter, and thermocoiple locations for gap intersections are desig-
nated by a Roman numeral. Thermocouples were located on the tiles, in the tile gaps,

and on the aluminum plate. Gap thermocouples were located at upstream and downstream
terminals of longitudinal gaps.

The panel holder was instrumented with 10 thermocouples located on the Glasrock
surface surrounding the model to monitor and control the radiant heater system. The
panel holder was also instrumented with two water~cooled acoustic microphones to
record the acoustic environment to which the model was exposed during test in the
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8' HTST. An accelerometer was mountad close to each microphone to record the
acceleration of the microphone so that the response of the microphones to accelera~
tion could be separated from the acoustic responsa.

Data reduction.~ Durlng radiant heating tests and prcheating prior to aerother=~
mal oxposure, thermocouple outputs were recorded at 2-s intervals. During the aero-
thermal portion of the tests, pressure and temperature data were recorded at
20 samples/s. Output from accelerometers and acoustic microphones were recorded on
FM tape. All data were reduced to engineering quantities at the Langley Central
Digital Data Recording Facility. Tunnel operating conditions reported herein for the
wind~tunnel tests are based on the thermal, transport, and flow properties of the
combustion products test medium as determined from reference 9. Free~gtream condi-
tions in the test section were determined from reference measurements in the combus-
tion chamber by using results from tunnel-gtream survey tests such as reported in
reference 8., Local Mach number was obtained from oblique-shock relations.

RESULTS AND DISCUSSION
Cyclic Radiant Heating Tests

Structural performance.~- The structural integrity of the two-tile multiwall
model was maintained throughout the test series, although the coating began to flake
at the beginning of “he test series. It was learned after the test series began that
the coating was uncured. The curing process removes the volatiles by slowly heating
the coating to 756 K. Heating the model at the entry temperature rate shown in fig-
ure 2 was rapid enough to cause the coating to flake. The model condition before and
after testing is shown in figures 7 and 22, respectively., Although the multiwall
structure appeared to be undamaged after the 25 radiant heating tests, two areas were
found where the face sheet debonded from the dimpled layer. The first area contained
one debonded node and the other area contained approximately three debonded nodes.
The model was not disassembled for close examination of the tile backface because
further tests may be desired. The top surface lip of the front tile was properly in
contact with the adjacent tile before testing started. However, after 25 thermal
cycles, the lip was permanently deflected 0.10 cm above the adjacent tile surface.
This deflection may result from a rotation of the tile edges caused by thermal bowing
of the multiwall tiles. The bowing is spherical in nature because the temperature
digtribution through the thickness is approximately linear, and rotation occurs about
the corner attachment points where the tile is essentially simply supported. The
deflection is accentuated by the scorfed edge which locates the lip approximately
5.1 cm from the attachment. (See fige 4.) The maximum edge deflection was hand
calculated to he 0,35 cms This calculated deflection would be lowered to 0.12 cm if
the scarf angle were increased from 25° to 90°. Approximately 0.10 cm deflection can
be accommodated before the yield stress is exceeded. Conseguently, the permanent
deformation could nearly be eliminated by use of a 90° edge closure and completely
eliminated if a 0.02-cm vertical gap existed between the tile upper lip and the
adjacent downstream tile. :

Thermal performance.~ The scarf joint between the two multiwall tiles forms a
gap that may provide a path for heat flow. The temperature of the primary structure
under the center of the multiwall tiles and beneath the gap between tiles (fig. 14)
is shown in figure 23. The temperature directly under the gap (thermocouple 17) was
very close to the temperatures bencath the center of the tiles (thermocouples 9
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and 12). Thus, the thermal data lndicate that no additional heat was tranamitted
down the gap. An analyais of the reaponse of thermocouple 18, which was adjacent ta
the Nomex felt, indicates that thormocouple 18 waas defective.

As previocusly mentioned, the multiwall tile thickness was determined for the
temperature and pressure hilstories shown in figure 2, but the LRSI tile thickness was
determined by an aerodynamic fairing requirement at body point 3140. Consequently,
the LRSI tiles are thicker than would be required for thermal considerations only.
Test data for the first test of the two models are shown in figure 24 along with the
design and predicted temperature histories. Thermal performance was unchanged during
the test series. Thus, these data are typical of each of the 25 cycles. The surface
temperature histories (thermocouples 7 and 3) and the temperature histories of the
aluminum plates (thermocouples 28 and 5) indicate that the thermal performance of the
two systems was the same. Because the LRSI tile model is designed conservatively
R (thicker than that required for thermal design), it appears that the multiwall tile

5 model is also designed conservatively.
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The predicted aluminum plate response taken from reference 1 and shown in fig-
ure 24(a) is based on the design surface temperature history and assumes no heat loss
from the aluminum plate. The measured thermal response (thermocouple 28) differs by
as much as 86 K. The long-dash--short-dash curve shows the predicted temperature
response using the measured surface temperature history (thermocouple 7) as the heat
load and accounting for heat loss through 2.54 cm of LI-900 which was beneath the
aluminum plate (fig. 11). This response.is much closer to the measured response
(thermocouple 28) but it is still as much as 29 K higher, which further substantiates
that the analysis used for the thermal design of the multiwall is conservative.

Aerothermal Tests

Structural performance.- Although numerous failures in the structural bonds
occurred during the aerothermal test series, no catastrophic failure in the TPS
structure occurred. Figures 25 and 26 show the condition of the multiwall nine-tile
model surface before and after the aerothermal tests. A comparison of the two fig-
ures shows no significant difference in the surface condition. Surface debonding
between the face sheet and the first dimpled sheet is shown in figure 27(a), and
debonding between the backface and fourth dimpled sheet is shown in figure 27(b).
Backface debonding was not discovered until after the test series was completed and
the aerothermal model disassembled. A small amount of surface debonding was observed
after the first radiant heating test (test 4). This debonding was concentrated in
the corners of the tiles where fabrication difficulties were experienced. These
difficulties were the results of inadequate dimple contact during bonding where the
tile edge closure geometry would not allow tooling to react to the bonding loads. 1In
order to prevent further damage from occurring, which might lead to a failure during
aerothermal exposure, the debonded areas were repaired. The repairs were made by .
removing the VHT SP-101 coating from the damaged areas and repairing the bonds by !
spot-welding. The coating was then reapplied and cured. During the first aerother- '
mal test (test 6), the tiles were exposed to an unreaiistic thermal shock due to
rapid cooling after the aerothermal exposure because equipment failure prevented the
radiant heaters from being energized.

. M e

After test 6, many surface bonds were repaired on the tiles interfacing with the
surrounding Glasrock. No repairs were required on the center tile. Most of the
debonding occurred on tiles which were partially restrained from thermal growth by
the surrounding Fiberfrax felt and Glasrock. These unrealistic boundary conditions ‘
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may have greatly contributed to the debonding., (These restraints did not exist on
the two=tile modrl which was exposed to the cycliec radiant heating tests.) In addi-
tion to the occurrence of gome surface debonding, a boundary tile lip at the trailing
edge of the model was forced into the adjacent Glasrock (fige. .27(a)) and the lip on
tile A buckled (fig. 28). The trailing edge overhanging the Glasrook was extended
0.51 cm over the Glasrock by spot-welding a 0.03-cm~thick titanium strip to the 1lip,
and the buckled lip on tile A was repaired by reinforcing with a 0,03=-cm-thick doub-
ler 0.76 cm wide. Nevertheless, during test 7, additional buckling occurred on the
lips of tile A (with the doubler) and tile B (without a doubler). The buckled lips
were repaired by additional doublers (a second doubler on tile A). After these
repairs, two radiant heating tests and six radiant preheat/aerothermal tests were
made without further debonding or buckling of the lips.

At the conclusion of the test series, the aerothermal model was disassembled to
examine the individual tiles. Figure 29(a) shows top surface cracks on tile A. The
cracks occurrzd in the downstream corner of the tile where previously mentioned
fabrication difficulties associated with the edge closures occurred. Additional
damage occurred on the top surface where small particle penetrations were caused by
rust particles in the wind-tunnel stream. Cracks in the lower surface lip and in the
corrugated side walls of tile A are shown in figures 29(b) and (c). None of these
problems resulted in TPS failure, and all this damage occurred in multiwall tiles
which interfaced with the Glasrock as opposed to the center tile which interfaced
solely with other multiwall tiles.

Minor design changes in the multiwall TPS have been identified to remedy the
problems discussed above. The structural integrity should be improved significantly
if the scarf angle relative to the face sheets is increased and if the node size of
the dimple bond is increased. Buckling of the 1lips could be reduced by not stagger-
ing the alignment of the tiles so that thermal displacement of adjacent tiles are
more compatible at the tile boundaries. Finally, use of the stronger
Ti-6Al-2Sn-4Zr-2Mo alloy in place of Ti-6Al-4V alloy should help prevent permanent
cdeformation of the lip. These changes would have a negligible impact on the thermal
protection ability and mass of the multiwall TPS.

Thermal performance.- Typical thermal performance data for radiant heating tests
and aerothermal tests on the nine-tile model are given by tests 9 and 15, respec-
tively. The temperature histories measured through the center multiwall tile during
a radiant heating test (fig. 30(a)) are nearly the same-as that for the two-tile
model previously discussed (fig. 24(a)). However, the surface temperature history
for the nine-tile model is closer to the design (fig. 2); consequently, it was
exposed to a higher heat load than the two-tile model. This higher heat load should
have caused the temperature cf the aluminum primary structure on the nine-tile model
to be higher than that measured on the two-tile model. The fact that these tempera-~
tures are the same may be the result of the aluminum plate of the nine-tile model not
being insulated on the backface to prevent heat losses to the cooler panel holder
structure. Test 9 was intended to be a radiant preheat/aerothermal test; however, a
tunnel malfunction prevented the model from being inserted into the stream. Conse-
quently, the sudden reductions in temperature for thermocouples 43 and 38 which were
caused by pressure transients during tunnel start-up (time approximately 800 s)
should be ignored. During the aerothermal test (test 15), the maximum surface tem=-
perature was substantially higher (58 K) than the design temperature (figs 30(b)).
Because the heaters dida not operate after the aerothermal exposure, the integrated
heat load was less than the design heat load. Congequently, the maximum temperature
of the aluminum plate is of little significance after aerothermal exposure. The
expanded time scale shows the sequence of events tiat occur during an aerothermal
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test. Again, the sudden redvwctions in temperature for thermocouples 43 and 38 are a
rasult of tunncl start-up transients and model insertion into the tunnel flow. (See
test procedure for aerothermal test.)

A major purpose of the aerothermal test was to determine if any flow occurred in
the gaps betwecn tiles aid, hence, to determine if the lip joint and the Nomex strips
under the perimeter of the tiles prevented heat fl~w to the primary structure.
Several gap intersections were instrumented and temperature histories were recorded
during radiant heating tests and aerothermal tests.

Temperature histories measured at an-intersection near the point of the nine-
tile model where a longitudinal gap terminates at a transverse gap are shown in fig=-
ures 31(a) and (b) for tests 9 and 15, respectively. The temperature of the aluminum
plate beneath the gaps was the same as the temperature beneath the center tile
(ther.ocouple 51) for both the radiant heating test (fig. 31(a)) and the aerothermal
test (fig. 31(b)). The temperatures recorded by thermocouples 2 and 3 are different
even though both thermocouples 2 and 3 were located 0.64 cm below the top surface of
tiles B and A, respectively. This temperature difference is caused by a slight dif-
ference in thermocouple locations: thermocouple 2 is located on tile B under the
lips of both tile A and B, and thermocouple 3 is under the lip of tile A only.

Temperature histories measured At the same type of gap intersection located near
the rear of the model (figs. 31(c¢c) and (d)) show similar results except that nonuni-
form heating from the radiant heaters caused lower surface temperatures at the rear
of the model but nonuniform aerothermal heating caused higher surface temperatures in
this region. The differences in surface temperatures between the front and rear of
the model during aerothermal heating may be a result of local flow disturbances
caused by thermal bowing of the multiwall tiles, but instrumentation is insufficient
to explain this phenomenon. Thermocouples 17 and 18 (expanded time scale in
fig. 31(d)) show inoreasing gap temperatures during tunnel start-up. This tempera-~
ture increase is much greater at this location than was measured at the front of the
model (fig. 31(b)). Pressure diferentials in the model during tunnel start-up are
significantly higher than any flight condition. This start-up pressure differential
apparently created very large flow rates of hot gases in the gaps; thereby, the tem- i
peratures of the gap walls were increased. The response during start-up indicates
that the thermocouples would record any significant flow through the gaps during
aerothermal exposure. Since trends established during radiant heating are the same
during aerothermal exposure after start-up conditions ceased, it appears that the lip
prevents flow ingress for pressure differences induced by skin friction.

If aerodynamic flow were to occur in a gap, th~ heating due to that flow would
be expected to be less severe where a longitudinal gap originates at a transverse gap
than where it terminates at a transverse gap. Temperature histories at the origin of
a4 gap are shown in figure 32 for tests 9 and 15. As would be expected, these temper- i
atures are lower than those shown in figure 31. However, the origin of the gap ‘
(fig. 32) is located in a relative cool region near the boundary between banks of !
radiant heaters, and thermocouples 46 and 49 (fig. 32(b)) are located in a slightly
covler position than thermocouples 2 and 3 (fig. 31(b)). Thus, the lower tempera-

tures shown in figure 32 do not conclusively determine the existence or absence of 1
heating in the gap. 1

section measured during radiant heating and measured during aerothermal heating
(fig. 33) indicate the absence of any significant heating due to aerodynamic flow. 4
The maximum temperatures measured at three depths in the gap are nondimensionalized

!
’ 3 A comparison of the maximum temperatures at the more severe type of gap inter-
K "
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by the average top surface temperature. Data are compared for the typical radiant
heating test (test 9) and the radiant preheat/aerothermal test (test 15) previously
discussed., The very small difference between temperature ratios for the two types of
tests indicates that the hot boundary-layer gases do not penetrate into the thermal
expansion gaps of the multiwall TPS (except perhaps during tunnel start-up transients
as previously discussed). Other locations and tests show the same raesults.

Acoustic environment.- The Shuttle trajectory will ex;ose a TPS to an acoustic
environment that has the potential of causing structural damage to lightweight sys-
tems. The acoustic environment in the test stream generated by the 8' HTST was
recorded to determine the acoustic environment to which the nine-tile model was
exposed during testing. The 1/3~octave-band acoustic spectrum for a representative
test (test 14), is shown in figure 34, The overall sound pressure level (OASPL) was
163 dB. Acoustic data at body point 3140 for the Space Shuttle for 1lift—-off condi-
tions and for the design limit trajectory are shown for comparison. The figure shows
that the acoustic environment during the aerothermal tests was approximately the same
as the Shuttle design limit trajectory. This acoustic environment may have contrib=-
uted to the previously discussed debonding of the tile face sheet. However, the
center tile, which had realistic boundary conditions and which required no bonding . -
repairs, was not damaged by this environment.

CONCLUDING REMARKS

Titanium multiwall thermal protection system (TPS) tiles designed for Shuttle
body point 3140 where the maximum surface temperature is approximatley 811 K have
been tested to evaluate thermal performance and structural integrity. These multi=
wall tiles have a thickness of 1.75 cm and a mass per unit planform area of
3.66 kg/m“, A model consisting of low-temperature reusable surface insulation (LRSI)
tiles having a mass per unit planform area of 2.98 kg/m* designed to meet an aero-
dynamic fairing requirement and a two-tile multiwall model thermally designed for the
same body point were subjected to 25 radiant heating tests in the Johnson Space
Center Building 13 radiant heating system. The tests simulated temperatures and
pressures for an orbiter entry mission at body point 3140. Cumulative radiant heat-
ing time was approximately 20 hr. A nine-tile model designed for the same body point
was subjected to seven radiant heating tests and eight radiant preheat/aerothermal
tests in the Langley 8-Foot High-Temp«rature Structures Tunnel. Wind=-tunnel test
conditions were at nominal Mach numbers between 5.6 and 6.8 with a total temperature J
between 1550 and 1930 K and a dynamic pressure between 23.2 and 25.6 kPa. Cumulative
radiant heating time on the nine-tile model was approximately 6 hr and total exposure
time to the hypersonic stream was 294 s.

Comparison of the thermal performance of the multiwall two-tile model with the
thermal performance of the LRSI model showed that the maximum temperatures of the
aluminum plate representative of the Shuttle primary structure under each of the TPS ,
were the same. The ability of both models to protect an aluminum plate did not '
deteriorate after 25 thermal expcsures, and the test results indicate that the multi-
wall thermal design is conservative. Also, the structural integrity of both models
was maintained throughout the test series except for a small number of failures in
the structural bonds of the two-tile multiwall model. 1

Although numerous failures in the structural bonds of the nine-tile multiwall
model occurred during the aerothermal test series, no catastrophic failures in the
TPS structure occurred. Most of the debonding occurred on tiles with boundary condi- 1
tions which were partially restrained from thermal growth, a condition more severe
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than waa usad to deatgn the tiles. The center tile of the nine-tile model had
realiatic boundary conditions and exporienced a neqligible amount of debonding. An
unrealiatic thermal shock at the end of each aerotheormal test may have contributed to
the debonding problem.  Some bonds were repaired by spot-woelding; however, once a
strong bond was obtained, two radiant heating tests and six radiant proheat/
aerotharmal tests wore made without any further repaiv. The surface of the multiwall
tiles also survived numorous small particle impacts from the tunnel stream. The lips
on the multiwall tiles proved to be effective in preventing flow in the gaps botween
the tiles of the nine-tile model even though in some cases the lips buckled. During

each aerothermal exposurce the multiwall model was exposed to an overall sound pres=-
sure level of approximately 163 d4B.

a
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The geometry of the tiles presented fabrication difficulties which may have
contributed to the debonding problems: however, minor design changes should improve
the structural integrity without having a significant impact on the thermal protec-
tion ability or mass of the titanium multiwall TPS. These design changes include
(1) increasing the scarf angle relative to the face sheets, (2) not staggering the
alignment of the tiles, (3) increasing the dimple node size, and (4) changing
material to the stronger Ti-GAl-28n-4%r-2Mo alloy.

&

These tests demonstrate the capability of a titanium multiwall thermal protec-
tion system to protect a surface where the maximum temperature is below 811 K; thus,

the multiwall is a viable alternate thermal protection system for Shuttle LRSI and
advanced space transportation systems.

(-3

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

November 25, 1981
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TABLFE Y.~ LOCATIONS OF THERMOCOUPLES ON MULTIWALL TWO-TILE MODEL

The rmocouple X, Y Pepth location

( a ) cm (&Y

1 30.18 60.96 Top surface of multiwall tile

2 30.18 60.96 packside of multiwall tile

3 29,79 29.85 Top surface of miltiwall tile

q 29.79 29.85 Rackside of multiwall tile

8 29,79 5.08 Top surface of miltiwall tile

8 29,79 4.83 Backside of multiwall tile

7 17.78 47.50 Top surface of miltiwall tile

8 17.78 47.50 Rackside of maltiwall tile

9 17.78 47,50 Top surface of primary structure
10 17.78 17.78 Top surtface of multiwall tile

1 17.78 17.78 Backside of multiwall tile

2 17.78 17.78 Top surface of primarvy structure
13 19,05 33,96 0.64 cem below top surface

14 10.05 34.80 0.64 cm below top surface

15 17.78 32,26 Midpoint of slope

16 14.48 33.96 0.64 cm above backside of multiwall tile
17 14.48 33,96 Top surface of primary structure
18 14.48 36.07 Top surface of primavy structure
19 17.78 60,20 Top surface of miltiwall tile

20 17.78 5.08 Top surface of maltiwall tile

2 4.32 29,97 Top surface of miltiwall tile

22 4.83 29,97 Backside of multiwall tile

23 5.08 59,69 Top surface of miltiwall tile

24 5.08 5.08 Top surface of maltiwall tile

25 17.02 33,513 Midpoint of slope

26 14.22 34,80 0.64 cm above backside of multiwall tiloe
27 17.78 17.78 0.64 cm above backside of multiwall tile
28 17.78 47.50 packside of primary structure

29 30.18 60.96 Rackside of primary structure

30 29,79 4.83 Rackside of primarvy structure

KR 5.08 5.08 Backside of primary structure

kP 5.08 59,69 Rackaide of primavy structure

33 L 14.48 33.9¢ packside of primary structure

Agee fiqure 14.
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TARLE Tl.= SUMMARY OF TESTS FOR NINE-TITE MODET,
Maximuam radiant | Maximum acrothormal Time, 8
Test | Type of test Tog (AV), Tpg (AV),
K ' K Radiant | Aerothermal
1 Coating cure 58% 3018
2 Coating cure 615 1350
3 Coating cure 795 1800
4 Radiant 797 1800
5 Coating cure 777 4600
a Acrothermal 798 No data 1083 42
7 Aerothermal R07 874 1100 25
8 Aerothermal 801 877 744 31
9 Radiant 811 1400
10 Aerothermal 811 874 746 29
11 Aerothermal 813 874 729 21
12 Aerothermal 812 875 781 44
13 Radiant 810 725
14 Aerothermal 803 865 724 51
' 15 Aevothermal 817 872 724 51
N0 recorded data; all test conditions are approximate.
TARLE TT11.~ WIND-TUNNEL TEST CONDITIONS FOR AEROTHERMAL TESTS
Tost Ty, o w Me oo # R a
K kPa deyg
A 0
7 nstrumentation G.0
saturated
13 " . - ©)
8 1550 6.29 | 5.6 23,2 2,01 x 10 5.0
1920 7407 25.6 | 1.84 « 10°
10 1830 €.91 | 5.6 | 24.4 | 1.87 x 10¢| s.0
11 1850 6:.94 | 5.6 | 24.8 | 1.87 x 108 5,0
12 1820 6.90 | 6.4 | 24.2 [ 1.90 « 108 2.0
14 1830 6,91 | 6.5 | 24.3 | 1.86 «x 10%] 2.0
1 1930 7.00 f 6.8 | 25,3 | 1.81 « 106 2,0

16

N0 recorded data; all test conditions are approximate.
Tunnel test conditions changed during aerothermal exposure,




Body point 3140
(on center line)-=

Figure 1.- Location of body point 3140 on Space Shuttle.
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Figure 2.~ Shuttle surface temperature and pressure history
at body point 3140 Shuttle entry trajectory 14414.1C.
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ORIGINAL PAGE 1S
OF POOR QUALITY

25° scarf angle

- —] 51
e tpper

lip .
[— Lower lip i
5.1 1

Cross section of multiwall tile

0.0038 thick (flat sheet)

0.0102 thick (face sheet)
0.0076 thick
0.0076 thick

(dimpled sheet) 3
L-81-239 i

Figure 4.~ Assembled multiwall tile. Dimensiofi§ aT¥e in centimeters.
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Tile attachment
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Figure 10.- Nomex flow inhibitor grid and tile attachment brackets

for nine-tile model.
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Figure 20.~ Typical temperature history for nine-tile model.
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. L
Flow
Pile designation
Thermocouple locations
for gap intcrsections
¢ Thermocouple R
a 0,64 cm below top surface
b Midpoint of slope
¢ 0.64 cm above bottom surface
d Primary structure under Nomex felt
¢ Primary structure
f Backside of primary structure
g Backside of mu)tiwall panel
h  Top surface of multiwall pancl
Gap intersection
Thermocouple | Tile Thermocouple || mermocouple [ Tile | Thermocouple
location location
(a) (a) 1
1 D I,a 27 E v,e
2 B I,a 28 1 vi,a
3 A I,a 29 F vVI,a
4 D I,b 3¢ 1 vi,b
5 D I,c 31 I vi,c
6 A 1,4 32 F vI,a
7 A I,e 33 F vVIi,e
8 E I11,a 4 A g
9 [ I11,a a5 B g
10 B I1I,a 36 (o] g
11 E I11,b a7 D g
12 B III,c a8 B g
13 B 111,4 39 F g
14 B I1X,e 40 G g
15 G Iv,a 41 ] g
16 D w,a 42 1 g
17 ] mv,b l 43 £ h
18 G ¢ 44 G h H
. 19 D v,d ! 45 1 h i
| 20 D e 46 E 11,a ;
) 21 H v.,a 47 E I1,b |
M 22 G v,a 48 E 11,¢c
23 | 4 v.,a 49 D 11,a
24 H v,b 50 A 1 4
25 H v,c 51 4 £
26 .4 v,4 52 F f
A, yt x = Gap intersection, y = Thermocouple position.
Figure 21.- Thermocouple distribution for nine=tile model. 1
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Figure 22.- Multiwall two-tile model after 25 thermal tests.
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800 -~
Multiwall
v
—l-
700 P~ -\\/—Design (ref, 1) /
8.
—
600 p—
Predicted aluminum responsc
(ref. 1) using design surface 28
temperature, no heat loss
i t
560 b= Aluminum plate
400 =
300 28 Predicted aluminum response using measured surface
p temperature (thermocouple 7), includes heat loss
d 1 ] |
0 500 1000 1500 2000 2500 3000

600

500

40

or i
80 ,\/—Des:.gn (ref. 1)
/
\
\

700 I~

t, s

(a) Multiwall TPS.

Nomex felt, S$SIP

—Aluminum plate

0

T | | | | | )
0 500 1000 1500 2000 2500 3000
t, s

(b) LRSI.

Ficqure 24.- Temperature histories for cyclic radiant heating
through models (test 1).
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Figure 25.~ Nine-tile model after three coating cure cycles.
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Figure 26.- Nine-tile model at end of test series.
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(b) Cracks along lower surface lip.

Figure 29.~- Nine-tile model damage on tile *.,
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(c) Cracks in corrugated edge closure.
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(a) Radiant heating (test 9).

Figure 30.~ Temperature history at center of model. !
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