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FOREWORD

This report describes the work performed between November 1975 and November
1977 under Contract NAS 1-14112. Technical direction of the contract was performed
by Mr. J. L. Shideler, NASA/Langley Thermal Structures Branch, Structures and Dy-
namics Division,

The program was managed by A. Varisco under the cognizance of F. Berger,
Manager, Advanced Development System Engineering. Major contributions were made
to the program by W. Wolter, Structural Temperatures; P. Beli, Structures; A.
Borysewicz, Design; E. Leszak, Manufacturing; and H. Patterson, Instrumentation.
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Section 1
SUMMARY & INTRODUCTION

1.1 SUMMARY

A program was undertaken to develop a lightweight, efficient, metallic thermal
protection system (TPS) applicable to future shuttle-type reentry vehicles, advanced
space transports, and hypersonic cruise vehicles. Technical requirements and cri-
teria were derived generally from the space shuttle.

Grumman's corrugation-stiffened TPS design was used as the baseline starting
point. The system was updated anc modified to incorporate the latest technology de-
velopments and design criteria. Emphasis was placed on minimizing weight for the
overall system.

One basic design concept was developed during the program, and this concept
was optlmized for operation at two different temperatures using two different mate-
rials: Kené 41, a nickel-base alloy for use to 1144 K (1600°F), and Haynes 188, a
cobalt-base alloy for use to 1255 K (1800°F), Significant weight reductions were
achieved over existing metallic systems. Moreover, the advanced TPS developed un-
der this program are mass-competitive with the directly bonded RSI system presently
used on the space shuttle,

Two, extensively instrumented, full-scale test panels were fabricated, one
from each material, Each pan 1 represented one and one-half bays and included an
expansion joint. Both test articles were delivered to NASA/Langley fo: evaluation
of cyclic life characteristics in the Langley Thermal Protection Systew. Test Facility,
which is capable of test conditions representative of entry flight.

1.2 INTRODUCTION

The development of high-temperature, metallic heat shield TPS for entry ve-
hicles has been a general subject of attention for many years. (See, for example,
ref, 1-1 and 1-2,) Recently, a greater interest in this area has been motivated by
the space shuttle and its related technology requirements., As a result of this in-
creased interest, NASA/ Langley initiated a broad-based program to develop TPS over
the temperature range of 811-1589 K (1000-2400 F) and similar work was begun by
many aerospace companies. (See ref. 1-3 through 1-11.) As an extension to the
NASA program, a contract was awarded to Grumman Aerospace Corporation to ad-
vance technology for metallic TPS in the temperature range of 1144-1255 K (1600-
1800°F) by inco:porating the latest technology developments and design criteria. The
results of this effort are presented herein.

In general, technical requirements and design criteria were derived from the
space shuttle orbiter, although the 3\ stems developed are app!‘cable o advanced
space transports and hypersonic cri - e vehicles. A state-of-the-art assessment and
review was undertaken to {dentify pr.:nising design features of existing systems, in-
cluding ~rrent analytical techiiques for predicting TPS performance, The review
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reaffirmed that a corrugation-stiffened beaded-skin concept offered the most promisce
for a reliable minimum-mass TPS, and this system was used as the baseline starting
point, Primary emphasis was placed on minimizing mass for the overall system.

Onc basic design concept was developed under the program. The concept con-
sisted of a corrugation-stiffened beaded-skin surface panel, a specially designed sup-
port system, and an insulation package. Using the one basic design concept, two TPS
were developed and optimized under the program: René 41, a nickel-base alloy for
use to 1144 K (1600°F), and Ha_nes 188, a cobalt-base alloy, for use to 1255 K
(1800°F). One full-scale panel 61 cm (24 in.) wide by 91 cm (36 in.) long was fabri-
cated from each material. Each panel represented one and one-half bays, and included
a longitudinal expansion joint. Both test articles, which were instrumented to measure
temperature and deflection, were delivered to NASA/ Langley for evaluation of cyclic
life characteristics.

1.3 SYMBOLS & UNITS

Although calculations were made in U,S, Customary Units, they are presented
in this report in the International System of Units (SI* also. Factors relating to the
two systems are given in referencc 1-12, Symbols throughout this report are defined
as they are introduced.

The appropriate quantities for the SI units used in this report are:

Quantity Lnit SI Symibol
length meter m
force newton N
pressure pascal Pa
mass kilogram kg
temperature kelvin K

Abbreviations for the followirg prefixes have been employed for multiples of
units in this report:

Prefix Multiplication Factor _Abbrev’ation
-2

centi 10 c

milli 1073 m

kilo 10 k

mega 1 06 M

giga 1 O9 G
1-2
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Section 2

DESIGN CRITERIA & ENVIRONMENT DEFINITION

2.1 DESIGN CRITERIA H
2 B The following thermal and mechanical loading conditions were developed for de- ‘
e} sign of the metallic TPS test specimen. Also discussed are other necessary design
.’}‘1% — requirements to make the TPS compatible with the operating characteristics of a func-
"“«]t ;} tional reentry vehicle such as a space shuttle orbiter. In general, techr’'cal require-
= [

ments were derived from the space shuttle system; where deviations have been made,
they are noted. The design requirements and critical loading conditions are sum-
marized in table 2-1,

i

NG

_f o Table 2-1. — Lower surface (mid-fuselage) design conditions.
c.{% Condition Pa psf Fig.
4% .
:3 m Continuous surface press. at Tmax {entry) 862-2490 18-62 23
e Max maneuver surface press. at Tmax {entry) 8618 180 2-3
*".:j M Max temp level during entry — Haypes 1255 K 1800°F 2-3
_ L Max temp leval during entry — Rene 1144 K 1600°F
"’I Max dynamic press — entry 11 490 240 23
= Max dynamic press. — boost 33 516 700 24
Bt Max surface press differential — boost +13 885 +290
& [ﬂ -20 588 | -43¢C
t g Max surface press. differential — postentry +16 758 +350
* isubsonic fiigh. -12 448 -260 [
. |
m Acoustic environment !
’ Littoft
oy . ® Overal! sound press. level 161 db
ot &] ® Cnitical 1/3-octave band level 180 db
) Max qu (ascent)
.5: ] 1 ® Overall sound press. level 158 db
l J ® Crnitical 1/3-octave band level 146 db
R - Allowable permanent deflection between
> Panel supports §=01+0.1L
1+
i § Factors of safety
Mechanical loads 1.0 limit
\ 1.15 yield
] ‘ 1.4 ultimate
‘ - 1.0 creep deflection
Thermal effects 1.0 limit
1.4 ultimate
— Max primary structure temp rise Y 383K 230°F
- (Tmax - Tivval ~ 350°F - 120 - 230°F)
E..J' Filutter Reference 4-2
2217 86w
=
2-1
i 3 11
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The mission profile and environmental parameters considered {n the TPS design

requirements are:

Launch/boost - acoustic vibration, maximum aerodynamic pressures

Orbit - initial TPS temperature at start of entry

Entry - maximum aerodynamic heating, aerodynamic loads
Postentry flight - maneuver loads, touchdown loads

Ground handling - weather, inspection, refurbishment, storage

Specific design requirements are discussed in the following paragraphs.

2.2 DESIGN GOALS

In addition to the loading and thermal criteria, the test specimen was designed
to meet the fcllowing goals:

Reuse capability of 100 missions

Minimum leakage at expansion joints
Simple removal of panels
Surface emittance of 0.80 or higher

Moisture - In contrast to the current orbiter design, no special design re-
quirements were included in this design to control TPS moisture absorption,
It was assumed that during ground storage, prelaunch, and ferrying the
vehicle will be protected from exposure to direct water impingement and
high humidity conditions of ground support equipment. Immediately after
entry and up to one hour after landing, the insulation will not absorb mofs-
ture because the residual heat stored in it during entry is sufficient to dry
the insulation. This built-in protection would be effective in situations short
of heavy rainstorms, If the vehicle is inadvertently exposed to rain or high-
humidity condensing cycles, a drying cycle will be required before vehicle
launch. The most significant concern in relation to water absorption for
fibrous insulation is the associated increase in mass.

Surface contour - The allowable panel surface normal permanent deficction
between supports was y = 0.254 + 0,01L, where y is maximum deflection in
cm and L is panel span. (This deflection criterion was taken from ref. 2-2,
vol, II, p. 7-4.) This requirement will limit the total amount of creep defor-
mation over 100 mission cycles.

Surface roughness - To avoid uncontrolled ingestion of high-energy boundary-

layer air in the panel expansion joints, all such potential gars were aft facing
in relation to the general flow direction. Also, the height of surface steps,
heads, and protruding fasteners was such that local interference-heating ef-
fects will not be excessive.

2-2
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2.3 THERMAL CONDITIONS

The primary thermal requirement .. ‘he TPS is entry heating from orbit, with
a 100-mission reusability goal. Space shui..c orbiter entry trajectory 14040 was used
as a design requirement for this program. Its salient features are shown in figure
2-1. The typical, external, heat-flux history for most of the vehicle's lower surface
is shown. Maximum-temperature isothernis for the lower surface are shown in figure
2-2, The specific area of concern for the test specimen is the 1144-1255 K (1600 to
1800°F) temperature range. The surface-temperature history is shown in figure 2-3,

R 71 SR

The thermal condition which determines the insulating requirement for the TPS
is that in which the maximum TPS/primary structure temperature exists at the begin-
ning of entry. Space shuttle mission 3, which is a launch into orbit and return to the
launch site within a single revolution, creates a condition in which the residual effects 5
g of launch aerodynamic heating are still present when the vehicle sturts its entry man- :
-f_; : euver. The temperature on the lower surface structure at the start of entry for mis- :
o] sion 3 is 322 K (120°F). This temperature was used as the initial TPS/structure tem- ;
e

perature in conjunction with the 11040 entry trajectory heating,

The insulation was sized to limit the temperature of the primary structure to a
maximum of 450 K (350°F) during entry and subsequent postlanding soak-out. Ground t
soak-out assumed a 311 K (100°F) ambient environment. The primary structure had "
the equivalent thermal heat-sink capacity of a . 51-cm (0, 2-in. ) thick aluminum plate
e with an adiabatic back face.
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2217-3w Figure 2-3. — Surface temperature and pressure profile.

Another thermal condition of significance is that which produces the maximum
temper- ure gradients in the TPS/structure, Shuttle studies have shown that this con-
dition 1s one in which the minimum TPS/structure temperature exists at the start of
entry. The minimum starting temperature for the current shuttle orbiter lower sur-
face is the resu' of mission 2, tail-sun orientation, and results in a 203 K (-95°F)
temperature for the lower surface, This temperature was used as the minimum start-
ing temperature in this study, in conjunction with entry trajectory 14040,

2.4 DIFFERENTIAL PRESSURE LOADING

Tw. types of static pressure loadings were considered in the design of the TPS.
‘The f -5t is maximum maneuver load conditions, which are intermittent and of short
du- -ion. The static strength of the panel must be sufficient to withstand these loads.
The maximum maneuver load factor for the current orbiter is 2, 5g during entry and
subsonic flight, However, there is insufficient aerodynamic force to produce 2, 5g
maneuver until about 1200 sec after the start of entry, which is near the end of maxi-
mum heating (see fig. 2-3). The maximum maneuver line in figure 2-3 represents
the maximum intermittent pressure differential on the lower surface for the entry
maneuver.

The second type of static pressure loading corisidered is the continuous-loading
le.el at high temperature, which was used to determine the amount of creep that
occurs in the panel. This is the equilibrium flight pressure loading line shown in
figure 2-1,



R

ket e et

[ U

The maximum pressure differentials during boost and postentry subsonic flight

are shown in table 2-2; they occur at low temperatures.

in figure 2-4,

The boost trajectory is shown

Table 2-2. — Orbiter lower surface maximum differential pressures for boost and postentry flight.

/

b

L .. o
[___w____r_Ma‘x negative k_Pa (psf) B Max positive kPa (psf)
Condition Lt Ultimate Limat Ulttimate
High Q boost 206 430) 28 8 (-602) 139 (+290) +194 (+406)
Postentry -12 6 (- 260 t 17 4 (-364) +16 8 (+350! +23 4 (+490)
2217 4w
10( 30,5’- 811 1000 l-lOOx 103
8t 383~ 244} 700 L 800 |80 800
\H
Q
\J\\X Mo ‘LL
,6F 288-_183f 589 / =+ 600 g 60 600
L 1k v r an 3 s &
SR - ¢ / / \ s 3 o
5 | o} f- 2 / k / & =z o3
R ~ E 3 a
§ ale192} 3122} 8 478 N 1\ \ 400,240 <400 -
s ~J = £ , \ Temp*
< K / \\ | \
/ ; \ l‘xppus _‘l
2t 96f 61} 367 . A 200 +20 200
/ 7/ 7 N\ r\
e e - \ ~N
oL OL ot 0 _ ~ | 0 Lo LO
0 40 80 120 160 200
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*Temperature on lower sutface approximately 508 cm (200 in ) att
1368-002W

Figure 2-4 — Design boost trajectory.
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The pressure-loading conditions used here were derived from critical design
conditions supplied by Rockwell International and postprocessed by Grumman in the
course of the shuttle orbiter wing design effort.

2.5 ACOUSTIC ENVIRONMENT

Liftoff and ascent overall sound pressure levels are given in table 2-1. These
levels are approximately the same ones used 1o test a corrugation-stiffened, beaded-
skin TPS test panel similar to the panel designed for this program. The test, which
was performed in the Grumman Sonic Test Facility, is documented in reference 2-1,
The test panel endured the 100-mission equivalent of 5100 sec of high-intensity acous-

tic pressures, without failure. Because of this successful test, an acoustic analysis
was not performed on the new design.
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Section 3

MATERIAL PROPERTIES

3.1 CANDIDATE MATERIALS - METALLIC TPS

Candidate metallic TPS materials underwent considerable experimental evalua-
tion during the early phases of the space shuttle program. At that time, studies were
performed to determine which of the commercially available high-temperature metal
alloys appeared most attractive for use in the surface panel and support structure,
Consideration was given to the availability, fabricability, oxidation resistance, ther-
mal stability at peak temperature, and availability cf sufficient mechanical-properties
data at temperature. The candidate alloys were Ti-6Al1-25n-1Zn-2Mo, duplex an-
nealed; ené 41 solution heat treated and aged; Haynes 25 or 188; Inconel 718; TD
Ni-20Cr; and Cb 752 coated with R512C,

A conceptual panel design was used as the focal point of a design analysis to
determine compaiative weights of metal panels utilizing the candidate alloys over the
temperature range of 589-1588 K (600-24000F), The results of the study (ref. 3-1)
indicated that to minimize TPS weight for a given vehicle requires the use of more
than one alloy for panel construction. A vehicle such as a shuttle orbiter will require
the use of at least three different alloys for the ""acreage' lower-surface TPS, To
minimize the weight of a panel using a given alloy requires a careful design optimi-
zation, which results in a specific cross-section geometry and material gauge.
Panels so designed of different materials must interface with one another over a
large lineal footage. To minimize the need for special interface panels and to re-
duce development costs, it seems desirable to arrive at a common design concept
for all metal panels which cover this large "acreage.' A common design concept
requires some tradeoffs, since the early study indicated that minimum-weight panel
cross sections for all the candidate materials are not identical. The study showed
that René 41 is lightest in the range of 755-1144 K (900-1600°F). Haynes 25 or 188
was lightest in the range of 114+4-1255 K (1600-1800°T),

The program reported herein was limited to optimizing a TPS in both né 41
and Haynes 18» since the range of temperatures covered by these materials would
encompass the major portion of TPS requirements for a typical vehicle, No materials
testing was performed under the program since adequate data on René 41 and Haynes
188 were already available.

There were, however, two areas of concern with these materials; establishing
allowable design stresses under creep conditions and determining a thickness allow-
ance for emittance treatment and oxidation losses. These areas were investigated
in the program, and design allowables were established, These areas will be dis-
cussed later in this section.

3.2 HAYNES 188 PROPERTIES

Havnes 188 alloy is a cobalt-base alloy possessing excellent high-temperature
strength and oxidation resistance to 1367 K (2000°F), Its excellent oxidation resis-

3-1
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tance results {from minute additions of lanthanum to the alloy system. The lanthanum
modifies the protective oxide scale in such a manner that the oxide becomes extremely
1 tenacious and impervious to diffusion when exposed to temperatures through 1367 K
(2000°F), Al properties which follow for Haynes 188 are for the solution-heat-
treated condition - heating to 1450 K (2150°F) followed by either a rapid air-cool

or witer quench,

3.2.1 Chemical Composition

e Chromium: 20-24Y

| o Nickel: 20-24
Y o Tungsten: 13-16
‘ e Iron: 3, maximum
' e Carbon: .05-,15
: e Silicon: . 20-.50
e DManganese: 1. 25, maximum
i | e Lanthanum: .03-.15
? e Cobalt: balance
3.2.2 Physical & Mechanical Properties
e Density (RT): 9.13 g/cu em (. 330 Ib/cu in.)
e Incipient fusion temperature: 1603 K (2425°F)
| o FElectrical resistivity (RT): 92,2 microhm/em

| e DPoisson's ratio: M .29 RT, ref, 3-2)

; e \lean coefficient of thermal expansion vs temperature: figure 3-1

e ‘Thermal conductivity vs temperature: figure 3-1

e Specific heat vs temperature: figure 3-1

e Oxidation resistance: The outstanding oxidation resistance of Haynes 188 is

illustrated i figure 3-2, where it 1s compared to Hayvnes 25 and Hastelloy X,
two allovs known for their resistance to oxidation

e Mcechanical properties: The design mechanical properties were assumed to
be the same as for Haynes 25, and were taken from reference 3-3, Table
3-1 gives the properties used in the program,

3-
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3.2.3 Establishment of Creep Allowable Stress

An analysis was made to determine the allowable stress based on creep strains
for a typical corrugation-stiffened Haynes 188 panel cross section subjected to uniform
pressure loading. The panel was assumed to be a simply supported beam subjected

to a uniformly distributed load. The maximum allowable permanent center deflection,
taken from reference 2-2, is:

v - .254 + ,01L

where L is the span, in cm., (3-1)

Creep deformations cause nonelastic strain distributions in a beam cross sec-
tion, but the elastic beam relationship was used as a first approximation to obtain an
allowable strain. For the simply supported beam, the center deflection is:

4
5 wl

Ymax 381 EI (3-2)
where w is the unit load.

If it is assumed that an optimum panel cross section is one with the neutral axis

at the mid-depth, so that tension and compression strains are equal, the outer fiber
strain is:

MC 2
max ~wL
€ + El and Mmax . 3-3)
therefore, o
wL.°C
< LT -0

If creep stress-strain relationships are assumed to be identical for tension and

compression, equations (3-2) and (3-4) combine to obtain strain in terms of center
deflection:

96 ¥ max “max
€allow. —’ -
* L
Using equation (3-1) to define y ..
2.4 € +.096C L
) ) max max ©-5)
allow. 2

.-

From reference 2-2, Vol 11, equation 7-1, page 7-1, the following equation for
creep strain in Haynes 188 is obtained:

Ine ~ -2.89413 -, 01743t + ,51892 Int + 1.31015 Ino

3~6)
-6.66548 (1/T) + .19131 o InT + .00021 Tot

where:

t = total accumulated time at T___  hours
max

s
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o - stress level, in MPa

T - temperature, in K/1000

€  strain, in %

A typical configuration for a metallic TPS panel is expected to have a span of

48,3 em (19,0 in.) with a cross-section depth of 1.52-2, 54 cm (.60-1,0 in. ).

From
equation (3-5), € allow is a function of cross-section depth, h:

h, cm (in,) €allow. ’ k
1.52 (0.6) .23
2.03 (0.8) .31
2.54 (1.0) .39

For the design heating mission,

t 16.7 hr (time at Tmax for 100 cycles at 10 min/cycle)
0
=192
T, . = 1255 K (1800°F)
1255
T 1000 1. 255

Substituting values and rearranging equation (3-6) to solve for stress, 0. that orres-
ponds meallow , we obtain the following % llow.

h, cm (in.) HS-188¢ , MPa (psi)

allow,

1.52 (0. 6) 26.4 (3828)

2,03 (0.8) 29,0 (4175)

2,54 (1. 0) 31 3 (4539)

The allowable stress, therefore, within the depth range of 1.52-2.54 ecm (,6-1,0 in,),
can be expressed as:

Oallow. ~ 19-1+4.8h MPa) [2770 +1770h (psi)]

Noi. that the allowables shown are based on simple-element creep data, It was
assumed that the coefficients of equation 3-6 do not change with time and that strain
hardening and the effects of permanent creep deformations have a negligible effect.

3.2. 1 Design Allowance for Oxidation Losses

Since thin-gage material, 0.25 em (, 010 in,.) or less, was to be employed and
because Iaynes oxidizes at elevated temperatures, it was necessary to include a de-

sign allowance (thickness increase) to provide for losses due to pre-oxidation tc
increase emittance and due to oxidation during service life.

3-5
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Table 3-1. — Haynes 188 mechanical properties.

Stress at temperature
Property 294 K 70°F 1255 K2 1800 F?
Fia 896 **Pa 130 kst 145 MPa 20 kst !
Fiy 379 MFy 56 ks 76 MPa 1 ksi |
J
Foy 379 MPa 55 ksi 76 MP3 1 ks
3 234 GPs 34 000 ks1 | 94 4 GPa 13 700 kst

3The cftect of temperature on FTU' FTY' FCY' and E s qiven in teference 3-3, based on 1 2 hr exposure, wi “h

cannot be used tor TPS design The values histed are based on 25-hr exposure, and weire taken from reference
2-1, based on o 0 4% creep stramn

-

2717 8w

The following design requirements were assunied in preparing the estimat
oxidation loss:

e Deak service temperature will be 1255 K (1800°F)
o The mission cycle will include 10 min at peak temperature
e [Fach panel will have a 100-mission life

The use of an applied surface coating for emittance control was to be avoided.
The surface oxide of the 1S-155 was to be used, if possible, A total hemispherical
emittance of .80, or more, at 1255 K (lSOOOF) was a coal,

3.2.41.1 Allowance Required for Emittance Treatment

The emittance requirements were to be fulfilled by a preoxidation treatment
during final stages of con »onent fabrication. An oxide film thickness of , 00025 em
(- 0001 in.) was thought suificient to achieve the required value.

3.2.4.2 Allowance Required for Oxidation Losses

Oxidation under entry conditions is dependent on peak temperature, number of
exposure cveles, atmospheric pressure at peak temperature, and airflow rate. Two
experimental oxidation studies have been conducted on 18-138 under conditions that
simulated space shuttie entry conditions,

The first of these activities, reference 3-4, involved the cyclic self-resistance
heating of sheet specimens in a reduced-pressure air environment, The thermal
cvete involved heauing to 1477 K (2200°1), holding for 30 min, and then cooling to
room temperaturce, ‘The specimens underwent 100 thermal cyveles., The test atmo-
sphere, aiv, was maintained at a pressure of 1333 PPa (10 torr;. The test specimens
underwent a metal thickness loss of , 00089 cm (0. 00035 in.) ver side,

The second effort in this area, reference 3-5, utilized an arc-jet to simulate
space shuttle ontry conditions, Sheet specimens were inserted into a Mach 6 test

3-6
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stream for 30 min and then allowed to cool. The test temperature was 1376 K
(2020°F), surface pressure was 1013 Pa (7. torr), After 50 30-min cveles, the
test specimens had lost . 0019 em (., 00075 in. ) of thickness per side,

Obviously, the most conservative approac* would be utilization of the wrc-jet
test data, However, the oxidation which occur . at 1378 K (2020°F) was u result
of a sngmfu antl\ higher oxidation rate than that \\hl(‘h occurred at temperatures
of 1255 K (1800 ) or below. References 3-2 and 3-6 show that the oxidation rate
at 1366 Kk (2000°F) is double tlie rate at 1255 Kk (1800°F). Therefore, an oxidation
lose allowance of , 0010 ¢m (, 0004 in.) was used for the external surfaces of the
TPS panel.

3,2, L3 Total Allowance Required for Emittance & Oxidation
In summary, the allowances provided are:

e Ixternal air-passage surface (beaded skin)

- Emittance allowance (. 00025 cm side): . 00051 ¢m . 0002 in,
- Oxidation allowance (. 010 cm, exterior): . 00150 -0004
- Total allowance: .00151 cm . 0006 in,

e Internal surfaces (corrugation)*
- Emittance allowauce (. 00025 cm/side): . 00051 em . 0002 in.
3.3 RFNF 41 PROPERTIES

Rend 41 is a vacuum-melted, nickel-base allov pUNQEHang exceptionally high

strength in the temperature range of 920-1255 K (1200-1800°F), It is a precipitation-

hardening alloy, and its strength is developed by \ﬂI‘lOUb solutioning and aging hect
treatmentc Aul properties which follow for René i1 are for forging a. 1450 K
(2150°F), age hardening at 1172 K (1650°F) for | hr, and air cooling.

3.3.1 Chemical Composition

e Chromium: 18.00-29, 00 e Titanium: 3.00-3,30

e lIron: 5,00 e JMlolvbdenum: 9,003-10,50
e C(arbon: 0.05-0,12 e Aluminur:; 1.-40-1, 60

e Silicon: 0.50 e Boron: 0, 003-0, 010
e (obalt; 10.00-12, 00 e Sulphur: 0,015

e Jllanganese: 0,10 e Nickel: balance

‘Internally, no allowance bevond the emittance allowance was required because of the

low-pressurce quiescent condition of the invernal air.



3.3.2 Physical & Mechanical Properties

e Density: 8.25 g 'cu cm (. 298 1b/cu in.)

e Mielting temperature: 1580 K (2385°F)

e Specific heat: ,108 cal ‘g°C (.108 Btu/1b°F)

e Poisson's ratio (#): .31 at 300 K, .35 at 1150 X

e Mean coefficient of thermal expansion vs temperature: figure 3-3
e Thermal conductivity vs temperatre: figure 3-3

e Specific h¢ t vs temperature: figure 3-3

e Mechanica' properties: The design mechanical properties were taken from
reference 3-3. Table 3-2 gives the properties used in the program

3.3.3 Establishment of Creep Allowable Stress

The procedure for determining the Rene 41 allowable stress based on creep
strains is identical to the one developed for Haynes, which is given in para 3.2.3.
Equations (3-1) through (3-5) are applicable to René 41 with identical results.

From reference 2-2, Vol II, equation 7-3, page 7-4, the following equation for creep
strain in Rene 41 is obtained;

In € = -39.55860 + 29.13646T + ,71922 In t
+.32125 (Ino - 1.931) - .000016 &2

+,08183 (lno - 1, 931)3 -.000125t o T +.0000105 T3

¢t = total accumulated time at Tmax (16.7 hr)

T = te.aperature, in K/1000 = 1144/10000 - 1.144
€ - strain, in &

o = stress level, in MPa

From equation (3-5), we ohtain

Cross-Section Depth, h, cm (in.) €allow.’ "
1,52 (0.6 .23
2.03 (0.8 .31
2,54 (1.0) LN
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]
' 'I Table 3-2. — Rene 41 mechanical properties.
! Stress at temperature
1 Property 249 K 70°F 1144 K 1600°F
Fro 1158 MPA 168 ksi 603 MPq 87 4 ks
\
f Ftv 876 MPa 127 ksi 524 MPa 76 0 ksi
) ch 931 MPa 135 ko 400 MP3 58 ksi
’ E 218 GPa 31 600 ks 122 GPa 17 700 kst
2217-9w
Substituting values and rearranging equation (3-6) to solve for stress, ¢, that
corre3ponds to € allow. V€ obtain:
. —Secti in. \ .
Cross-Section Depth, h, ecm (in.} aallow. » MPa (psi)
1.52 (0. 6) 62,50 (9063)
2.03 0.8 72.06 (10 456)
2,54 (1.0) 81.60 (11 832)
3-9
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The allowable stress, therefore, within the depth range of 1.52~2.51 cm

1+60-1.0 in,), can be expressed as:

Callow, = 33-9 +18.8N QMPa) [4910 +6920 h (psi)]

3.3.4 Design Allowance for Oxidation Losses

The oxidation resistance of René 41 is good up 10 1255 K (1800°F). Therefore,

the allowances required for emittance treatment were assumed to be the same as for
Haynes 188, The allowances (thickness increase) required are:

e External air-passage surfaces

- Emittance ailowance (, 00025 cm/side): . 00051 cm . 0002 in.
- Oxidation allowance (. 0010 cm, exterior): .00100 . 0004
- Total allowance: . 00151 cm . 0006 in,

e Internal surfaces
-~ Emittance allowance (. 00025/side): . 00051 cm (- 0002 in.)
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TPS CONCEPT SELECTION & DESIGN

4.1 STATE-OF-THE-ART ASSESSMENT & REVIEW

A review of existing panel desiun concepts and TPS-related work was conducted
at the start ot the program. The objective was to identify promising desivn teatures
of existing radiative TPSs, including crirrent anaaytica! techniques for predicting
TPS performance.  The reports studicd were references 1-1 through 1-11, 2-1, 2-2,
3-1, and 4-1.

4.1.1 Siin Panel Concept

The review reaffirmed that the corrugation-stiftened beaded-skin concept
offered the most promise for a reliable, minimum-weight metallic heat shield. This
concept, for example, was selected by the MceDonnell Douglas Compaay for their full-
size TD Ni-20Cr test panel after evaluatin: various alternat> concepts (ref. 1-16).
The unstiffened beaded-shin concept (ref. 1-6) appears attractive because of its sim-
plivity and low mnss. However, this concept requires a large number of supports to
liniit creep deflections. Additionally, the large bead depth provides a less desirable
aerodvnamic surface, which causes increased heating under crossflow conditions,
and the unstiffened skin is mere prone to flutter than a stiffened skin.

The review also substantiated the danger of ending the skin beads short of the
1

parcl edge. Tie tw.o con epts which ended the beads in this manner developed cracks
at the bead loscouts after thermal eyeling.

tnwerall, the corrugation-stiffened beaded-skin concept offered the most poten-
tizl for a ninimum-weight, reliable heat shield. T'he advantages and performance of
the beaded-skin approach have been well established in many panel tests. The beads
ahsorb lateral expansion, thereby eliminating lateral expansion joints, and serve to
stiffen the shin for increased flutter and bending sirength. The corrugations provide
an efticient transfer of surface panel loads to tie support ribs.

4.1.2 Expansion Joint

The review ot expansion joints confirmed that separate edge closure retention
members like those emploved in the TD Ni-200r panc! (ref. 1-10) or the columbium
panel (ref. 1-4) are undesirable.  They add complexity, produce forward-tfacing steps,

and impose unpredictable pressure and restraint to panel edges.

I'he shingle concept offers the most promise for meeting joint requirements.
Speciticatly:

e Maximum simplicity - no extra parts required

e | nrestrained panel edges
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e No forward-facing steps
e Each panel is individually removable

Additionally, because the skin beads run out to the panel edge, no lateral ex-
pansion joints are required.

4.2 TPS CONCEPT

The TPS considered (u this progiram is a shingled, radiative system. Heat-
rejection rate, therefore, dependes on tl.> ¢+ cth power of the surface temperature,
and becomes large if high temperatures cun be tolerated. Thur, the intensity of heat-
ing which can be accommodated is limited by the temiperature vaabiiity of the ps:
material.

An existing Grumman-developed 1TPS designed for operation at 125 K (180001-‘)
was selected as a baseline design in the program. The concept, shown in figure 4-1,
consists of a corrugation-stiffened beaded skin, insulatio..,, and beaded support ribs.
The corrugations are welded to the beaded skin to form an efficient panel with high
longitudinal bending stiffeners. Applied surface-pressure loading is transferred by
beam action to the rib supports. The supports are located on 51-¢cm (20.0-in.)
centers, with an expansion joint every 102 cm (40.0 in.) to permit longitudinal growth
of the panel. Although the pane!l is considered to be 102 ¢m (40.0 in.) long, it is
fixed at the center support so that a 51-c¢m (20.0-in.) span expands in each direction.
The center support rib includes a drag support to react longitudinal (drag) loads. The
panel lateral expansion is absorbed by flexing of the beads in the skin. The ¢ rruga-
tions have little effective stiffness in the lateral direction.

The advantage of this concept is that the panels are not size-limited in the
lateral direction, and an expansion jcint is required only in the longitudinal direction.
The design also eliminates forward-facing steps and incorporates a simple splice of
adjacent panels, thus facilitating panel removal and inspection. A mass breakdown
for the baseline system is also shown in figure 4-1.

4.3 SURFACE PANEL DESIGN

Several surface panel confizurations were considered, including trapezoidal and
semicircular corrugation-stiffened skin, double-{aced corrugation, integrally stiffened
plate, and honeycomb sandwich. Double-faced corrugations and honeycomb sandwich
designs were eliminated due to thermal stresses induced by the temperature gradient
from outer to inner face sheets. Integrally stiffened plate designs were eliminated be-
cause this approach is not mass-competitive. Another disadvantage of those designs
which have flat skins is the requirement for expansion joints at four edges. The semi-

circular corrugation was eliminated because it is not as mass-efficient as the trapezoi-

dal. (para 4.3.8). Examination of the baseline design indicated that the corrugation
sidewalls were operating at low stress levels. This resulted from the use of one ma-
terial thickness for the entire corrugation.

To minimize corrugation mass, two approaches were considered: first, the use
of one thickness as before but with the addition of lighting holes; and second, the use
of chem-milling, A weight estimate showed that holes would not significantly reduce
mass. Moreover, punching holes in thin-gage material and the subsequent deburring
would be very costly. Chem-milling, however, permitted the maximum elimination
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Mass Breakdown
Total mass, ibm, Lon/f? | %of | Subelem | tem %
item 40 x 41 panel | (11.3889) | item % of item | of TPS

Expansion rib (2.1584) {0.18985) 7.2
Upper clip 4978 0437 | 23.1 5.9
Lower clip/angle .708% 0622 | 328 {clips)

Web 8389 0737 | 389
Rivets 1132 .0099 5.2

Center rib {2.8841) 10.2532) 10.3
Upper clip 1.3463 0182 | 467 836
Lower clip 1.0633 0934 | 369 {clips)

Web 3613 0317 | 125
Rivets 1132 .0099 39

Drag Bracket 0.3888 0.0341 14

(4 per 41-in. panel)

Skin assembly (13.1002) (1.1503) 46.7
Skin 5.6622 4972 | 43.2 20, tota!
Corrugation 7.4380 6531 | 56.8 | 26, total

Attaching hardware (0.8636) {0.0758) 31
Skin nivets (blind) 2278 .0200 | 264
Primary boits .3360 0295 | 389
Insulating washers 2997 0263 | 34.7

Insulation system 8.6368 0.7583 30.8

Total 28.0316 24612 100.0

DIMENSIONS: CM (INCHES)
! ) N ;.- " DRAG SUPPORT
1 [ 1 centersupport
, i , ®B wep
. ~ INSULATOR SPACER
SECTioN E-E

Figure 4-1, — Grumman baseline TPS concept.
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of unnecessary material. Moreover, since the skin/corrugations are sized to meet
the maximum bending moment at the span center, additional weight could be saved by
profiling the chem-mill at the span edges. Additionally, with the use of chem-~milling,
the thickness of each element of the cross section could be permitted to vary for
maximum efficiency, It was decided, therefore, to chem~-mill the test specimen,

4.3.1 Skin’/Corrugation Optimization

A digital computer program was written to optimize the 51 cm (20 in. ) panel.
The program accounted for creep due to bending between supports, buckling of the
various elements of the skin, corrugation, and flutter of the outer skin. All design
variables such as pitch, various element thicknesses, and lengths were initially not
constrained., Thus, designs which were developed within specified constraints could
be compared with designs developed under cther constraints or with designs developed
under strength constraints only, Attachment hardware such as clips and rivets were
not included in the computer program. This program, which is presented in Appendix
A, should not be considered as a true optimization program, since some of the steps
necessary to determine the panel cross-section with the least mass are graphical and
require the user to interface with the program, Furthermore, thermal stresses
which occur due to lateral thermal expansion were not accounted for in the optimiza-~
tion program. Instead, the optimum design was checked against thickness constraints
determined from analysis of later-1 thermal expansion. (See Section 4.3.3.)

4.3.1.1 Design Loads
The critical airload design conditions selected are listed in table 4-1.
4.3.1.2 Safety Factors

Design allowable stress (F ) is any of the following:

allow
° Fm/l.4 ° Fcreep/l‘ls
) Fcy/1.15 . Fcrel/1'4
) Fty/l'ls

Each denominator is the appropriate factor of safety and Fcrel is the local elastic
buckling stress.
Table 4-1. — Critical airload design conditions.

Differential Temperature
pressure
— Haynes 188 Rene 41
Condition Description kPa pst K F K °F
A Boost -20.59 -430 294 70 294 70
B8 Postentry 16.76 350 294 70 294 70
(o Max maneuver 478 100 1255 1800 1144 1600
D Equil fhight 2.39 50 1255 1800 1144 1600

2217-12wW
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4.3.1.3 Critical Conditions

A preliminary analysis determined the elements critical for the designated
conditions. These elrments are listed in table 4-2.

4.3.1.4 Fabrication Constraints

Section definition and properties are shown in figure 4-2, Two fabrication

constraints which were imposed on the optimization of the surface panel (skin/
corrugation) are:

® The minimum face sheet thicknesses, t, and t,, must be . 0127 cm
(. 005 in,) for handling considerations =

e The minimum flat between beads, P-b, must be at least 1.016 cm (.40 in.)
to permit attachment of the support clips

4.3.1.3 Optimization Considerations

It is generally accepted that for a nonredundant structure, such as these panels,
the least-mass design is obtained when the applied stress in each element is equal to
the allowable stress for as many of the design conditions as possible. For example,
element 1 of the section definition shown in figure 4-2 should be buckling-critical
under condition B, creep-critical under condition D, flutter-critical under the design
dynamic pressure, and vield-critical under conditions of lateral thermal expansion.

It is, however, usually not possible to satisfy all conditions.

Additionally, design constraints, such as minimum-gage considerations, may
constrain the optimum design even further. Figure 4-3 illustrates such a situation.
It also shows that if the thickness and flat-width design constraints were neglected,
the least-mass section occurs when the neutral axis is at the midheight of the section.
In this case, both the upper and lower fibers would be creep-critical, as well as
buckling-critical, for the appropriate conditions. Addition of the design constraints,
however, increases the mass by a significant amount. For example, by modifying
the neutral-axis location to 55"/ of the total section height (central curve), the section
is less efficient from a strength standpoint than the previous design, but when the

design constraints are considered, the acceptable section is lighter than its com-
panion in the first case.

Table 4-2. — Critical conditions.

Condition
Element
A B c D Other
1 Buckle Creep (a)
23 Buckle
4 Buckle Creep
5 Buckle Creep
| 4| ateral thermal expansion and bead flutter

*17-14w
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Section definition

Section properties
ZA = 1.02646btq + (p - b} {tq + tg) + 2hty + dtg

TAx = 1.02646btq [h + b (.00642)] + (p -b} {tg + *5)(h)
+ Zhty(h/2)
vAx2 = 1.02646bty [h +b(.00849)]2 + (p - b(tq + to)(h)2
+ 2hty(h/2)2
Slgo = 2t3h3/12
X = ZAx/ZA

Ipy = ZAx2 + Sl - (ZANT2

2217-13W Figure 4-2. — Section definition and properties.

It can, therefore, be concluded that the least-weight, strength-constrained
section will not necessarily be the least-weight acceptable design.

The skin/corrugation design equations and optimization procedure are given in
appendix A. Also given is a listing of the computer program, HAYNES, developed to
simplify selection of the optimum configuration. The optimized Haynes 188 section as
determined by the computer program is illustrated in Figure 4-4, The section shown
and the thickness indicated include no allowance for emittance treatment and oxidation
losses expected during the life of the system. The production section which includes
these allowances is given later in Figure 1-10,

The René 41 section as determined by the computer program is illustrated in
Figure 1-5. The production René 41 section is given later in Figure 4-10.

4.3.2 Skin Bead Flutter

Previous experience with similar designs indicated that flutter requirements
could determine the skin thickness. The minimum required face-sheet thickness to
prevent local flutter of the skin bead was determined using the anaiysis procedure
given in reference 4-2, The procedure is summarized as follows:

1-6
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Figure 4-3. — Schematic of least mass designs vs pitch for three neutral axis locations.

13
- q
= GB L [f(m)T]

Wy

()
where q 3418 kg ‘'m”~ (700 psf) at M - 1.3, I = 834 m (30 000 ft)

max

D)
- 7080 kg m" (1430 psf) (ref. 4-2, figure 2)

IS 1.5 (ref. 4-3, para 4.5.1.3)

L - 48.5 em (19.1 in.)

1.284
B =, 019

2,924 +

b+2b'

Note that equation (1-2) is an empirical fit to ﬂl‘ vs L/W in ref. 4-2, where \\ -
M

(1=1)

4-2)

b+ 2b’',
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Figure 4-4. — Haynes 188 optimum computer section.
3.81
{(1.50)
1.986 .1986
. (.0782)
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NA - +— 007
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(.435)
L .0180
(.0071)
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3.865 kg/m? .
(.7916 tbm/ft")

® Dimensions: cm (in.)
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Figure 4-5. — René 41 optimum comiputer section.
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E juation (4-1) was solved for both materials to provide a minimum thickness (or
lower bound) for tj. The results are presented in figure 4-6 for Haynes 188 and figure
4-7 for Rene 41. The curves were fitted to the empirical equations for use in the com-
puter program, and are:

ot = . 0155 (b+.152) cm t, = . 0061 ( + .06) in,) for Haynes 188

= t; =.0198 (b+.152) cm (t1 =,0078 (b + .06) in.) for René 41

4.3.3 Lateral Thermal Expansion

The lateral thermal expansion is cunstrained by the adjacent panel, which pro-
hibits lateral growth, and the support ribs, which prevent normal displacements.
Thermal strains are absorbed by the face sheet Leads in bend’'ng. The value b/10 is
sufficiently large to avoid thermal buckling of the circular arc (ref. 2-1).

The edge load, P, :nd moment, M (per unit length, ¢) are ({irom ref. 2-1)

given by:
1 bne
o [ N e
] |
b
- p |
. J
. 2 EI p-b +7bN 1
B> |me-by cbNGE-8) | £ ,
100
M - 4;31,3 1 ' 21_
J0 w(p-b) + bN( 7 -8)
where
1
N = =,37671
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Figure 4-6. — Haynes 188 flutter and thermal constraints.
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Figure 4-7. — Rene 41 flutter and thermal constraints.
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Table 4-3. — Thermal and mechanical properties.
Haynes 188 René 41

Property St Customary Sl Customary
Max temperature 1255 K 1800°F 114K 1600°F
A temperature 117K 1730°F 1105 K 1530°F

a 17.7 m/m/K 9.7x10% in./in SF 15.2 m/m/K 85x106 in./in./F

E 94.4 GPa 13.7x108 psi 122 GPa 12.7%106 psi

2217-18W

The maximum fiber stress was limited to yield (0.2% permanent deformation)
at peak temperature, resulting in an allowable total strain, €,., and comensurate

allowable elastic stress F . (figure 4-8). (The factor of égfety was taken as
1.0.) Thus: allow.

Fallow. ~E€ T

- 13.7x 10% (.0034) = 331 MPa (46 60O psi) - Haynes
-17.7x10% (.0052) 634 MPa (92 000 psi) - Kené

It can be shown that the maximum bending moment, M, occurs at the top of the
bead, so that:

= b
M—Plo M

ard

oM
%‘tz
1
taking

3
4
12

and setting

T = Fallow.

The maximum allowable t, can be obtained for given values of p and b,

b fr(p-b) + b(-7043) ] Fpq o
t - i -
1

p-b
b(.3767)
The solution of this equation is plotted as the family of dashed curves in figure

1-6 for Haynes 188 material and figure 1-7 for René 41. These curves define an
upper bound for the face-sheet thickness.

max 10p[ +1r-2] Ead T

4=-12
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4.3.1 Selection of Optimum Haynes 188 Section

The results of the optimization program for the minimum-mass section are
illustrated in figure 1-9. It can be seen that the optimum design occurred at a pitch
of 3.73 cm (1.47 in.). For convenience and simplicity, a panel with a pitch of 3. 81
cm (1.50 in.) was selected for the finai design. Dimensions of the selected section,
which define the midspan cross section, are also shown in fngure 1-9 This section
produced a surface panel with a mass of 4.27 kg - m2 (0.875 Ibm ft2). This section,
however, was modified to accommodate surface emittance treatment and material
oxidation losses during the 100-mission life. Additionally, the corrugation lower
c¢ap pad was sculptured to minimize mass and provide uniformity of stress. The
modified section, which was the section that was fabricated, is shown in Figure
4-10(a). The mass of this section, including doublers attachment rwet.s and mass
reduction resulting from sculpturing, is 4.536 kg’ m2 (- 929 Ibm ft2). This new de-
sign indicated a 227 reduction in mass from the baseline panel. (See figure 4-1.)

1.3.5 Selection of Optimum René 41 Section

The principal differences between René 41 and Haynes 188 is that Rene 41 has
superior mechanical properties at room temperature and suffers less degradation in
mechanical properties at elevated temperature bec use its service temperatura is
lower - 1144 K (1600°F) vs 1255 K (1800°F). Although the moduli of elasticity a;:«
similar, the creep strength of Ren€ 41 at service temperature is typicallv, 69 MPa
(10 000 psi) vs 27.6 MPa (1000 psi) for Haynes 188, The increased creep strength
produced two effects on the optimum René 41 section relative to the Haynes section:
the overall section height (and associated dimensions) decreased, and the width-to-
thickness ratio for the various elements decreased. The latter effect resulted from
satisfying buckling criteria for conditions A, B, or C, while also satisfying creep
criteria for condition D. As an illustration of this effect, consider element 3. For
a given moment of inertia and neutral axis location, condition A yields

2
oMo (__jf__)* Ferel l\‘crE(d) 4-3)
I A 1.4 1.4

and condition D yields
- F
Me - X \_ creep
I “D(Ina) 1.15 (=1

M A moment from applied pressure, condition A

where

.\ID moment tfrom applied pressure, condition D
1.1 and 1.15 - factors of safety

Kep buckling coefficient
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Figure 4-9. — Haynes 188 skin/corrugation optimization.
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Figure 4-10. — Production TPS sections.
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Solving each equation for x/ Ina and equating the results yields

.5
E} : Fcreep(_li‘\_) (1.4 ) 1
d E \M /7 A1L15/ K,

The only significant variable is Foreep, Which is about 2.5 times greater for Rene 41
than for Haynes 188, so that for a given value of x’ (t3 'd) for René is about 1.6
times greater than for an equivalent Haynes panel. addition, equation (4-4) shows
that if the creep allowable is increased by a factor of 2.5, the value of x Ina can in-
crease by the same amount. All of these effects tend to reduce the overall dimen-
sions of the René 41 cross section relative to the Haynes.

The René optimization results are presented in figure 4-11. Several values
were assumed for beta. (Beta is the ratio of neutral-axis location to overall section
height. ) Design constraints limiting the face-sheet thickness to . 013 cm (0. 005 in.),
minimum, and the flat between beads to at least 1.02 cm (0.4 in.) are also shown,

It can be seen that the optimum René panel has a pitch of 1.98 cm (0. 78 in.) and an
average weight of 3.58 kg’m‘) (0.734 1bm/ft2). Details of this section are presented
in figure 4-12(a). The computer-designed section possesses acute angles at the bend
lines, making tte section difficult to fabricate. As a result, the section was modified
to that shown in figure 4-12(b). Both sections are the same except that the width and

thickness of the bottom element were altered as shown. As a result, while the area of
the elements and moment of inertia of the sections are identical, the buckling stress of

the hottom element is now higher and, therefore, has a positive margin of safety. The
computer program sized the dimensions of the element based on buckling with zero
margin of safety.

4.3.6 Compromise Haynes’Rene Optimum Section

One objective of the program was to address the problem of "interfzce'' between
metallic TPS optimized and fabricated from different metals. It was decided, there-
fore, that a compromise section geometry would be selected for the skin panel so that
the Haynes and kené systems could be used as adjacent panels. Moreover, the use of
one skin geometry could significantly lower fabrication and tooling costs for a flight
vehicle.

Since only the skin of each system interfaces at the expansion joint, the cor-
rugation of each configuration can still be optimized independently. It can be seen
from figure 4-9 that the pitch of the Hayres section cannot be smaller than 2.95 cm
(1.16 in.). This is somewhat above the optimum kene 41 pitch of 1.98 cm (-78 in.)
From a cost and mass standpoint, it is desirable to increase section pitch to reduce
the number of clips and attaching rivets on the rib support. 1o identify a compromise
pitch, a simplified study was conducted; it included the effects of pitch on panel mass,
and accounted for upper and lower clip mass for both the center and end support ribs.
Items not included in the study because their mass remains relatively constant with
respect to pitch include support rib webs, drag brackets, miscellaneous fasteners,
and insulation.

The results of the study are shown in figure 4-13. It can be seen that the
Haynes 188 total mass (panel plus clips) is minimized at a pitch of 3.91 em (1.54 in.).

The minimum-mass René 41 panel occurs at a pitch of 2.39 ¢m (0.94 in.). The middle

curve shows a mass-pitch curve for a 50 Haynes 188 50" René 41 panel mix. The

4-17

e —m——

P £ o o e o+ Shwdn e S e b o -



3.9
(.80)

38
(.78)

In
{./6)

Panel Mass, kg/m® {Ibm/ft?)

361
(.74)

(72)
3.5%

Constraints:

Strength
>b+0.4n.

PR p—

— — e— 1) 2 0.005 in

O Least-mass design
witn constraints ~

Acceptable
“¥design
(typical)

——

1.016 1524 203 254 3.05 3.56
(4) ( 6) (8) (1.0 (1.2) (1.4)

1368 010W
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Figure 4.11. — René 41 skin/corrugation optimization.
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{ . Figure 4-12. — Rene 41 section dimensions.
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Figure 4-13. — Mass study results.*

457
(18)

al |




i T

r

-

(=

o

..

|

L
—

minimum composite mass occurs at a pitch of 3.58 cm (1.41 in.). ‘The dashed line
connects the three calculated points and is an estimated relationship between optimum
pitch and surface panel mass. Based on these curves, the greater density of Havnes
188, and the desire to space an even number of corrugations across a 61-cm (24-n.)
span, it was decided to use a common pitch of 3.81 ¢m (1.50 in.) for Haynes 15, and
kene 41.

2 The mass penalty to the Haynes 188 design is less than . 005 kg,/m2 (. 001 lbm~/
ft”), or, about 0.1%. The mass penalty to the René 41 design is 0.166 kg/m?2 (0.03
lbm /ft2), or, about 4.0%. The René 41 section was reanalyzed to determine the opti-
mum section with a pitch of 3.81 cm (1.50 in.) and a bead width of 1.99 cm (,782 in.).
The analysis indicated the optimum beta to be . 61, which was used to determine a
section with these two constraints. (See appendix A, figure A-2). The resulting Lkené
41 section is shown in figure 1-12(c). The production section is shown in figure
4-10(b). This section includes thickness increases for oxidation and emittance allow-
ance and slight geometry changes to accommodate lower-cap sculpturing.

4.3.7 Corrugation Sculpturing

To minimize corrugation mass, the lower horizontal flat of the corrugation was
sculptured to match the bending moment. Since the corrugation already included
chem-milling, the addition of a profiled chem-mill line did not significantly increase
fabrication costs. The profile was selected such that the area and buckling allowable
stress remained the same. (The analysis by which the profile was selected is given
in appendix B. The profile geometry is given in appendix B, table B-1.)

The values for d' (appendix B) are minimums required, and these values
generate a curved profile. The mass which could have been saved by sculpturing
the curved profile was .168 kg 'm2 (- 0344 lbm /£t2) for the Haynes 188 panel and . 092
kg ‘m2 (. 0188 Ibm /£t2) for the René 41. However, a straight-line profiie was used to
facilitate fabrication and thereby lower the costs of chem-milling. The actual masses
saved using a straight profile are . 145 kg/m?2 (. 0299 lbm 't2) for the Haynes 188 and
.080 kg m2 (.0163 lbm/ft2) for the René 41 panel.

4.3.8 Circular Corrugation Study

A circular corrugation-stiffened panel was examined as part of the panel op-
timization effort. The circular corrugations were considered because they possess
many of the beneficial characteristics of a trapezoidal corrugation, particularly
flexibility transverse to the corrugations, which relieves transverse in-plane thermal
stresses. The circular corrugations also offer a high resistance to local buckling.
The results of the study, in which a constant-thickness corrugation was assumed, are
shown in figure 4-14. The minimum-mass design at 5.57 kg ‘m2 (1.14 lbm ft*) is
1.29 kg'm= (.265 lbm /ft2) more than the chem-milled trapezoidal corrugation.

By chem-milling portions of the circular corrugation, some reduction in weight
could probably have been achieved. However, chem-milling would have degraded the
buckling resistance of the unchem-milled portions of the arc.

A constant-thickness trapezoidal corrugation was also investigated in an effort
to provide a direct comparison between the circular and trapezoidal corrugations.
Figure 4-15 illustrates that the minimum weight of this design is 4. 91 kg m2 (1.005
lbm/ft2), or about 127 lighter than the circular corrugation,
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Figure 4-14, ~ Circular corrugation panel optimization.
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Figure 4-15. — Constant-thickness trapezoidal corrugation-panel optimization.

'he trapezoidal section is lighter because the design loads are exclusively bend-
ing  Whether the sections are chem-milled or not, the traperoidal section provides
more bending material about the neutral axis than the circular section. The circular
corrugation, therefore, was eliminated frem fu.ther study.

4.3.9 _l:‘h}tter (‘heck_quj_’li_l’_sr'[_li Test 1-Zn_\;i ronment

Analysis has shown that the current Haynes 185 I .at shield panel design is
flutter-frec for the required shuttle orbiter design flight environment. The following
anailysis was performed to determine if the TPSTI testing environment is tikely to
impose a more severe flutter requirement on the panel.

Figuie 4-1d shows the operating envelope of the NASA Langley Thermal Protec-
tion System Test Pacility (TPRTT)Y; the dashed line indicates a typical space shuttle
entry trajectory (ref. =D, Maximum dynamic pressuve, q, for the portion of the
trajectory within the operating envelope occur. at the left boundary, where the follow-
ing conditions exist:
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and, from refercence 4-3, for the TPSTF area ratio A A* - 25;

A = 4,06
q Py 0.035
Thus, ‘
q - (q'PT) PT 33.7 kPa (764 psh)
2 !
g QA7 -1)- - 3.9
and

q 8- 8.6 kPa 179 psh

The outer skin over the widtk of one corrugation was treated as a simply suppnorted
flat panel. The thickness required to prevent flutter was calculated using reterence
1-6:

o _alP12 a
GP = —J === 20 (geometry parameter)
b D1 b
FP = ‘)0'0;’93 5 3.163 x 10_6 (flutter parameter)
(5GP /4-2 GP
N
op A [l
: 3
G a
For 3
D1 -—~£‘—t—.,— and f(M) = 8
12(1-4")
13
| 120-4 5my® g
E 8
where

a J0.8c¢m (20.9 in.)

k- 29

For conservatism, the modulus for the Haynes 133 panel was selected at 1256 K\

(22609R), which is the maximum temperature ‘he panel would experience at the rigit
boundary in figure 4-16: E = 93.7 GPa (13.6 x 10% psi). Thus, for the Haynes 1=%
panel, t 0.01 cm (.00347 in.).
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This thickness is 60", of the .010-cm (, 0058-in.) design thickness. C(onversely,
the value of q/beta required in the TPSTF to cause the panel to flutter was calculated
to be 10.1 kPa (838 psf). Therefore, the panel should be flutter-free when tested at
the selected conditions in the TPSTF.

The Rend 41 panel is exposed to a lower q beta in the TPSTF, and the modulus
at temperature is greater than that for Haynes 188. Therefore, the Rend 41 panel,
which has the same aspect ratio and greater thickness, should be less susceptible to
flutter in the TPSTYI than the tlaynes panel.

4.3.10 Surface Panel Thermai-Structural Analysis

An analysis was performed on the Haynes 188 panel to determine if the combina-
tion of thermally induced stresses and stresses due to aerodvnamic loadings would
cexceed allowable stresses in the surface panel. Six load conditions were identified
and examined. Vive cf the conditions, designated design conditions A through £, were
obtained from the shuttle orbiter hboost and entry trajectories. The sixth condition
represented a predicted test envivonment in the TPSTV.

4.3.10.1 Mission Trajectories

A typical shuttle orbiter mission is divided into four phases: boost, orbit,
entry, and postentry. Significant heating eftects which could cause temperature
gradients and resultant thermal stresses can occur only during boost, entry, and
postentry, when the panel surface experiences aerodynamic heat inputs. During orbit,
only solar heat inputs, which are not sigrificant, are experienced. The only impact
of the on-orbit . ondition is to determine the initial temperature at the start of entry.
Similarly, the panel experiences significant aerodynamic loadings only during boost,
entry, and postentry (lFigures 2-4 and 2-1 show the boost and entry trajectories
used for panel design.)

4.3.10.2 Heat Inputs

Figures 1-17 and 4-18 show the aerodynamic heat inputs to the panel surface
during boost and entry, respectively, resulting from these trajectories. The heating
is defined on the basis of an effective boundary-layer temperature (recovery temper-
ature) and a convective heat-transfer coefficient. The convection coefficient was ob-
tained using a modified Van Driest method for turbulent flow over a flat plate. The
heat flux i{s calculated as

a HoTg =Ty

where
q heat flux
H. convection coefficient
Tri effective boundary-layer temperature

'l’“_ panel surface temperature
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4.3.10.3 Temperature Analysis

A thermal model of the structure was made to determine temperature distribu~
tions in the surface-panel structure,
in the insert of figure 4-19. Conduction, convection, and radiation between the ele-
ments was considered. The in-house transient temperature analysis program using
finite-difference techniques was employed to evaluate the differential equations which
represent the thermal model. The output of the computer program is shown in the
transient temperature response of the surface-panel elements to the boost and entry
heating inputs in figures 4-19 and 1-20 for the Haynes 188 des<ign shown in figure
4-10. A panel surface emissivity of 0.8 was assumed in thesc analyses. The entry
maneuver was assumed to start with an initial temperature of 200 K (-100°F), which
is the temperature resulting from an on-orbit cold-soak. Shuttle orbiter studies
have identified this as the initial condition that produces the most severe thermal
stresses during entry. [Iigures 1-19 and 4-20 contain all the temperature gradients
of significance to the Haynes 188 panel diring an orbiter mission.
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(500) | AN
2
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g a2?2 1 7 J 4h \\
g (300) 5 (
g | / / 5

367 / ,

(200} / /

n R e - 7Z>&~

(100)

J ]
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Time after httotf, sec
2217-32wW

Figure 4-19. — Panel temperature response, boost heating.

1.3.10.4 TPSTF Test Conditions

The test article was also checked for the heating and pressure environment of
the TPSTF. The TPSTI heating inputs assumed a three-step simulation of the initial
portion of the entry trajectory. It was assumed that the minimum heating at startup
of the TPSTF is the lower-left corner of the operating envelope for the TPSTVF,
which is shown in figure 4-16. This condition gives a heating rate consistent with a
radiation equilibrium temperature of 711 K (8320°F) and a surface emissivity of 0. 8,
and results in an initial heating rate of 11 349 W m2 (1.0 Btu/sce ft2).  The three-

This model consisted of four elements, as shown
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step heat input variation assumed for the TPSTF test condition is shown in figure 4-21.
The temperature response of the surface panel to the TPSTF heating was computed
using the heating input and the same four-element thermal model employed previously.
The results for the Haynes 188 panel are shown in figure 4-22.

4.3.10.5 Selection of Critical Cor *“‘ons

The next step in the analysis was to determine at which times during the trajec-
tories the maximum thermal stresses occur. Only thermal stresses resulting from
gradients within the surface panel were considered. The thermal stress analysis
performed used simple bending theory and assumed that the panel was free to expand
in the direction parallel to the corrugations. The panel was also free to bow up be~
tween end supports without incurring any significant bending moments at the end sup-
ports. Thermal stresses, therefore, are produced only when the temperature gradi-
ant through the depth of the panel cross section is nonlinear. The thermal stresses

1a

4b

1367
(2000)

s /[ N
{1500) \

811
(1000}

14 5

4b 4b
533

(500)
=~ 5 \ 5
b/ ‘
255

0 Yes B

Temperature, K | F)

-23
{-500}

0 250 500 750 1000 1250 150C 1750 2250

2217-33w Time from start of entry, sec

Figure 4-20. — Panel temperature response, entry heating, cold start.
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produced will be in a direcuion paraiier w the corrugations. Therefore, they are
coincident with the bending stresses produced by surface pressure on the panel. It
can be seen by examining figures 4-19 and 4-20 that significant gradients exist only
during the following time intervals:

e Boost phase (condition A): 90 through 160 sec
e Entry phase (condition E): 60 through 170 sec
e Postentry phase (condition B): 1700 through 2100 sec

During the other times, the temperature gradients within the surface panel are
considerably smaller and are, therefore, not of interest.

4.3.10.6 Determination of Element Stresses

The thermal-stress model consisted of a simple finite-element representation
of the panel cross section, as shown in the insert in table 1-4. The appropriate co-
efficient of expansion, Young's modulus, areas, and temperatures were determined
for each element, and were inputted to a transient-temperature structural analysis
computer program which determined the stress level in each element. This analysis
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1135
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68.1 simuiation \ /
{6.0) VA
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454 / \
(4 0) \ Actual entry

y ]
[4
/ heating

Heating rate, q, w/m? (Btu/sec ft°)

/
227
(20)

0 100 200 300 400 500 600 700
Time, sec
2217 3aw

Figure 4-21, — TPSTF heatup simulation.
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was performed for the times during the boost and entry trajectc. es that were previ-
ously identified as having significant temperature gradients. The results of this
analysis are shown in figure 1-23 for 90 through 160 sec for boost, figure 1-21 for

60 through 170 sec for entry, and figure 4-25 for 1800 through 2100 sec for postentry.

Figures 4-23, 4-24, and 4-25 show the stress in each element of the ¢ross-section
vs time.

Examination of these figure- indicates a fluctuation of stress as the transient
temperature gradients change wit® ‘me. From each figure, times which produced
the largest thermal stress and which would combine with the stresses due to aero-

-~ - P anrwrn v 4 W
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Figure 4-23.  Boost, condition A. RRPRTRES, Oy Wl
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dynamic pressu. e loadings (conditions A through E) were selected. These times

are listed in table 1-4. As can be seen, conditions C and D do not have thermal
stresses because thev are maximum-temperature conditions. At maximum tempera-
ture, the thermal gradients in the panel are very small because almost constant heat-
ing conditions exist, and the strong radiant heat interchange between the panel ele-
ments reduces temperature differences to small values.

The maximum gradient during the TPSTF heating occurred at 10 sec after the
start of heating. This condition produced the largest thermal stress in the panel for
the test condition. The thermal stresses are shown in table -,

4.3.1¢.7 Combination of Aero & Thermal Stresses

The siresses due to aerodynamic loadings were determined for the main bend-
ing clements of the surface panel, that is, the skin bead and the lower flange. Exami-
nation of table 1-1 shows that significant thermal stresses occurred only during con-
ditions A, B, I', and TPSTF. Conditions C and D were not considerec because the
thermal stresses are essentially zero. The loads for condition A, B, ., and TPSTF
are tabulated in table i-5 for the time periods during which thermal stresses are
significant.

4+.3.10.8 Check of Skin Bead Stresses

The critical loading condition for the skin bead is compression. The method
of anaivsis is shown in the following example for condition B. Only the Haynes 158
panel was checked. It was telt that checking the René 41 panel was not necessary
since the René 1 panel section has lower h-'t's, greater modulus, and greater creep
allowables.

551
{8000) — = TS T
//
~
§ 276 [‘ 2 ~
£ {4000 b4 n I
g P s
- .—-——-CI
Q? 0 L__—-—-l
= | 3 v
Q
& 276 } \\ /q’\u) Pt <N
(-4000}- 1, —
& b5 |
S ( 80001 — N /“\ ab
E | \ 1c
S i 5
827
t12 OOO)t J‘
0 2 40 60 80 100 120 140 160 180
Time from start of entry, sec
2007 89w

Figure 4-24 — Start of entry, condition E.
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4.3.10.8.1 Check of Skin Bead, Condition B

For

Tension

Stress, MPa (ps1)

Compression

2017 90w

x = .903 em (. 3556 in.)
_ 4 ° 4
INA 100 em ™ (09024 in. )
1.99 cm
{ 782 n.)
; Pitch - 3.81 ¢cm (1.50 in.)
? \ R /
A |
PR - 14.8 kPa (310 psf) al 1530 sec
- 16.2 kPa (338 psf) at 1900 sec
16.8 kPa (350 psf) at 2000 sec
414
{(6000) —1
lap
Tc
276
(4000)
138
(2000}
0
-138
+ 2000)
-276
( 4000} 1 l
1800 1850 1900 1950 2000 2050

Time from start of ent.y, sec

Figure 4-25. — Postentry, condition B.
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The bending moment at midspan is:
M = 16.6 Nem (147.3 in. -lb) at 1850 sec

= 18.1 Nem (160.6 in.-1b) at 1900 sec

- 18.8 Nem (166.3 in. -lb) at 2000 sec  (see Appendix A, page A-1)
and the bending stress is:

i =ME _ 451 MPa (61 120 psi) at 1850 sec
b T
NA
- 159 MPa (66 620 psi) at 1900 sec

- 476 MPa (65 990 psi) at 2000 sec

The stresse. due to aerodynamic and thermal loads are each plotted in figure
4-26(b) for 1850, 1900, and 2000 sec. The total of these stresses are also plotted.
Using 2-1/2-deg increments for @ (except the last increment, which is 2.6 deg), the
average total stress at 2000 sec for the skin is:

7 _:2 o[ 26.5 * 26.0 , 26. * 25.4 , 25.4 ‘@ 24.4 24.4 - 23.2

2 2 2 2

23.2 - 21.9  21.9 - 20.5 , 20.5 * 18.9  18.9 - 17.3]

2 3

17.3 © 15.6 1
2.6 [ 3 ] } 32.5

f at 2000 sec = 152.3 MPa (22 100 psi)

(8]
[\

Similarly,
f at 1900 sec - 137.2 MPa (19 900 psi)
fat 1850 sec -~ 133 MPa (19 300 psi)

4.3.10.8.2 Check of Buckling, Condition B

t .
4 2 . S ) _
I‘crel - 22E [1,3 I Z)] (Appendix A, page A-1)
F _ I‘crel
allow. 1.4

where
t = .013 cm (.0051 in)
b —- 1.98 cm (. 782 in.)

z — .152 cem (.06 in.)
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E - 1.05 235.8GPa at 2000 sec, T =255 K (0°F)
- .96 235.8GPa at19)0sec, T = 333 K (140°F)
- .83 235.8GPa at1»50sec, T =422 K (3.0°F)

Therefore,

o
[0 ]
-1
[ 3]

at 2000 sec, Fallow. 131.2 MPa, iS - 1525 ~1 = .18
_ 165.7 .
at 1900 sec, Fallow. 165.7 MPa, MS 137.3 -1 .20
I . _ 151.9
at 1850 sec, Falluw. 151.9 MPa, MS 133.0 -1 .14

1.3.10.8.3 Check of Skin Bead, Condition A - Figure 4-26(a) shows similar results
for the loadings of condition A, obtained by the same method of analysis used for
condition B. “ombined stresses are examined between 90 and 120 sec for this case,
since it can be seen by examining figures 2-4, 4-19, and 4-23 that piionr to 9v sec
the thermal stresses in the skin bead are small, and that a‘.er 120 sec (when the
maximum compressive thermal stress exists in the skin beac), the thermal stresses,
aerodynamic pressures, and temperatures are decreasing. The average tota’
stresses, allowables, and margins for condition A are qiven in table 4-6.

Table 4-5. — Aerody~amic pressures at appropriate times compared with design values.

Design pressure
Time for condition Pressure at time?
Cond sec ’
kPa psf kPa pst
90 260, 90 125 43
100 190, 40 91, 19
A 110 139 290 140, 25 67 1?2
120 110, 20 53 96
1850 310, 60 148 29
8 1900 168 350 338. 95 162 45 |
.2000 350, 260 16.8, ‘124
C
Thermal stresses are neghgibie
D
E 8 4.79 100 0 0
TPSTF 10 2.53Y 52 9P . ot |

:anure 24an121
7025 atm (fig. 4 16)
€ 0078 atm (fio. 4 16)

1308 015W
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t
f b w3105, 4 Check of TPSTF Condition
Lz .
Pl{ - 790 Pa (15.5 psf)
-
L P 0.0381 m (1.50 in.)
L} i ~ .885 N- m (7.8 in. -lb) (See Appendi\ \, pace A-1)
. NX -835 (. 903) .
I, ! T ————— = &.C MPa (1140 psi)
\ uInaxX i .100
{
! Combining witk the maximum thermal stress of ~-11.6 MPa (16 860 psi):
‘ ] . 4 2 3
}L 1 ‘total 124 AMPa (18, 020 psiy
3
, L 477 K (400°F), E - .83 (235.8 GPa) - 196 GPa (8.4 x 10% psi
b (196,000 M Pa) 013
HS Fallow. .22 1.4 [1.3 1.98 - .152)] - 14 MPa 20 70 psi)

<1 ~ .16 (ample)

.
73
i
._‘C
]

vee ey

1.3.10.9 Check of Lower Flange Stresses

s
vk The wer lange is also critical in compression, when combined thermal and
it aerodynaric lo.dings are considered. Compressive stresses in the lower flange
5 ;! occur when reversed (negative) aerodynamic pressuxes are applied, which can only
i occur during conditions A and B. Condition B has negligible thermal compressive
stres-es in the 1 wver flange; therefore, only condition A was examined for combined
U} loading-.
i
1.5.10.9.1 Check of Stresses, Condition A
! (]
‘. J p 381cm(150in.)
! ; a— S——
2 : [} —-——‘ - =~ r—x—-a—
- I S U |
. LA
g ' X \ .031 em I
! ‘ | (0122 .3) ’
i r : }

’ 1.77 cm
(.698 in ) I ‘

: ’ ot 100 sec, l’R - =1,92 kPa {~10 psf)

at 11v sec, I’ ~1.20 kPa (-25 psf)

R

L
-
{
3
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Table 4-6. — Total stresses, allowables, and margins for condition A.

Temperature Avg stress in bead Allowable stress
Time, mS
| _sec K °F MPa psi MPa psi
90 361 190 13 -19 000 162 -23540 24
100 436 325 -114 -16 500 -149 -21660 31
110 514 465 -113 -16 40) -136 -19 780 2
120 581 585 -105 1 -15 250 -124 -18028 a8
2217-39W

M - -2.15 N-m (-19 in. -lb) at 100 sec (see Appendix A, page A-1)

M - -1.34 N-m (-11.9 in. -1b) at 110 sec
. - Mg —2.15 (9.03)

b INA .100

- =19.41 MPa (2815 psi) at 100 sec

- -12.10 MPa (1755 psi) at 110 sec
Adding maximum thermal compressive stresses:
at 100 sec - -33.78 MPa at 297 K (~4900 psi at 75°F) (table 4 4)

at 110 sec - -10.67 MPa at 308 K (-5900 psi at 9501-‘)

ftotal - 33.78 - 19.41 - 53.19 MPa (7715 psi) at 100 sec
- 40.67 -12.1C - 52.77 MPa (7655 psi) at 110 sec
2
t
3.62E (E
- —_— (appendix A, page A-2, element 5)
allow. 1.4
2
3.62 .031
> - DRI A I -
}allo“'. 1.4 [1.99) (235.8 Gl‘a)] 1. 77 E 999 at 380 K
il LAJN
195 1)
: = 5 GPa (26 835 psi
Pallow. .185 G Pa (26 835 psi)

185 MPa

MS ~ 33.19 MPa

-1 - ample

4.3.10.9.2 Check >f Stresses - Condition F. - For condition E, the maximum com-
pressive thermal stress in the lower flange was 35.1 MPa (5100 psi) at near-room
temperature with no aerodynamic load, which gave an ample margin. Temperatures
which would have reduced the allowable stress significantly in the lower flange were
not reached until after 150 sec in condition k. By this time, the thermal stress in the
lower flange had become tension.

1-10
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4.3.10.9.3 Check of Stresses, TPSTF Condition - No reverse pressure condition was
specified for the TPSTF, The thermal stress in the lower flange is well within the

allowable since the temperature was low at the time of maximum stress, which
occurred at 10 sec,

4.4 EXPANSION JOINT ' SPLICE JOINT DESIGNS

4.4.1 Panel Expansion Joint

Because the surface panel expands during heating, an expansion joint is re-
q' ired at the panel edge to permit relative motion of adjacent panels without allowing
leakage of boundary laver air. Leakage of high-enthalpy air is undesirable for two
reasons: it reduces the effectiveness of the insulation system in protecting the pri-
mary structure, and it can cause severe local overheating where the leakage occurs.
Each 50. 8-cm (20. 0-in. ) section of the Haynes 188 panel expands about . 84 cm (.33
in.) at 1253 K (18009F). The Ren¢ panel expands about .71 c¢m (.28 in.) at 1144 K
1600°F). This amount of motion must be accommodated in the presence of some
amount of overall panel bowing due to temperature gradients during heating transicnts.

After reviewing various concepts (subsection . 2) the overlapping-shingle con-
cent was selected for the expansion joint, using a 1. 60~cm (. 63-in.) overlap. Be
cause adjacent skins are mounted at the same height, a one-skin-thickness inter-
ference was developed at the faying surface to minimize leakage. Additional thermal
protection was provided by packing the expansion cavity with microquartz insulation.
{The expansion joint is shown in appendix E, drawing AD1001-100.) The design offers:
maximum simplicity (few parts), unrestrained panel edges, and no forward-facing
steps. Finally, each panel is individually removable.

1.4.2 Panel Center Joint

Both 31-cm (20-in,) panels meet at the center support rib. A simple lap joint
was used bec.ause no expansion occurs at this point. The forward panel overlaps the
aft panel by .65 ¢m (. 25 in.), producing an aft-facing step. Attachment rivets clamp
each panel firmly down, providing a simple and effective seal.

{. 1.3 Panel Edge Splice Joint

Since all lateral expansion is absorbed by the skin beads and corrugation, panel
width is limited only by fabrication and assembly considerations. The splice joint
consists of a simple lap of adjacent panels at the flat between beads. A longitudinal
row of rivets is emploved to connect adjacent paneils.

4.5 SUPPORT RIB DESIGN

The support rib must transfer aerodynamic pressure and panel inertial loads
tot' vehicle primary structure, while causing a minimum heat short. Two types
of supports are used: a flexible one at the expansion joint, and a fixed type where
two adjacent panels butt, which is called a center support rib. (Sce figure 1-1),

Several of the support rib concepts shown in figures 4-27 through 4-31 were
considered. To simply mass comparisons between these designs, the following para-
meters were fixed: standoff height, 9.22 cm (3. 63 in.); web thickness, 0.25 ¢m
(010 in.); and upper and lower clip thickness, .111 c¢m (. 044 in.).
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Figure 4-27. —~ Baseline rib concept.
Mass breakdown o s PR — . i -
Wet . K
Uppercips 217 , 0844 Section A~A
Lower clips 260 | 0532
Toea) 785 1608
— 381 - -am Dimensions  om (i)
11 500
== T —- — —f - T e —r T
e -E y- ’(1 I PR .-
/ '.‘ h L' a ¢ . ~ ‘\ .o "\ = / -
& v \“ ~ k_ 4 _ \/}/ A .

f : -4
Y ‘ * | ‘ \
{363 | . Hole '
! | \ ‘ ! 'f' twvo : |
| | ‘ \ ' J ; Dl
\ ' ' N o/ N /
' -’ = v Nl = - )
i RS - . o e A
b i - EE e 2T Lo ; =
" . - e . L i -
2 1\ J e e v e o e o e P ot P S §
..‘...4._4.. - —————— ,.,_,....L..“ > . SRl groas
Tl T N - oo LT . ¥
— 762 —_ e
(3000
2217-41W

Figure 4-28. — Modified baseline rib concept.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

4-42

B D DD OO0 0 ;s

o o O

o T won B o B s

| s |



w Sase 815wt LT ettt ,‘
o Dhnwominng. tom iind e BRI

Tisgnaw

SIS

Bty ‘ 3
R Sy Swivion Kok
Lo gy

Forsl

Do i
S W i oen i

1150

i o
o
e -
i e - -
% ’f % % #
# i 4 .
o 4 .
% i %
O i #
i
» 2
% & 4
- . a3 , :
. : 4 G Ei By
; ARy . - . * {v
} | » ;
PR ¢ i g e i
& . . - : i ; -
S
. g -

3
N v . 5
Figure 430, — Trussed web rib concept, e
noonloren oy OF THE
ORIGLAL AL 1S POUR

1-43




The baseline support rib design is shown in figure 4-27. The design is heavy
with a mass of . 877 kg/m2 (.1796 1bm/ft2). Additionally, undesirable heat shorts
to the primary structure result from the large number of fasteners required. A
modified concept, with half the number of fasteners to the primary structure, is shown
in figure 4-28. The design employs lightening holes, and shows a mass reduction of
.093 kg/m2 (.019 ibm/ft2). Figure 4-29 illustrates a truss concept, which was not
pursued because the mass was not promising. Figure 4-30 illustrates a trussed-rib
concept with a relatively low mass. Forming of the tight radii, however, would be
difficult without cracking the flanges. Additionally, the thin sections are prone to
buckle during flexing.

These potential difficulties led to the selection of the concept shown in figure
4-31. The configuration is something between a full web and a truss. The lower
arches have adequate radii so that flange cracking is eliminated. The beads serve
to eliminate thermal stresses and provide vertical stiffness. Heat shorting i8 reduced
from that of the baseline desing since lower attachments occur at a 7.62-cm (3.0-in.,
pitch instead of 3.81 cm (1.50 in.). To further minimize heat shorting, .32-cm
(+125-in.) thick insulating washers, fabricated from a glass-reinforced silicone
laminate, insulate the lower clip from the aluminum primary structure.

With a mass of . 657 kg/m2 (-135 lbm/ftz(, this design provides a 25% weight
reduction from the baseline design. Detail analyses of the Haynes 188 and Rene
41 support ribs are given in appendices C and D, respectively. Production drawings
are given in appendices E and F.
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4.6 DRAG SUPPORT DESIGN

Because the support-rib standoffs cannot react loads parallel to the skin
corrugations (in the longitudinal or drag direction), a drag support is employed at
30.48-cm (12-in.) intervals along the center support to react these loads. The drag
support consists of two bent-up channels riveted to each side of the center support rib
which stabilizes the channels. The chanrels pick up the surface-panel screws in
their normal location. The drag load is transferred to the primary structure by four
screws at the bottom of the channels. Insulating washers are used under the lower
clip to minimize heat shorting. (The detail anaiyses of the supports is given in
appendices C and D. Detail dimensions are given in appendices E and F.)

4.7 THERMAL INSULATION SYSTEM DESIGN & ANALYSIES

The insulation system provides the main barrier to radiative heat transfer from
the hot surface panel to the vehicle primary structure. The primary objective of the
insulation design program was to develop the lowest-mass system which would with-
stand the thermal, cold-soak, and vibration environments associated with the design
entry trajectory.

Only commercially available nonexotic materials were considered. The insula-
tion for the baseline system used for comparison in this study is a homogeneous
blanket of 56-kg/m3 (3.5-1bm/ft3) Microquartz enclosed in a hag of resistance-welded
Inconel foil. The purpose of the bag was to protect the blanket from excessive
moisture absorption and damage during handling. However, since the foil bags must
be vented, their use seems questionable. The bags are costly to fabricate and add
1.56 kg/m3 (0. 32 1bm/ft3) to the total TPS mass. For these reasons, and those out-
lined in subsection 2.5, protective foil bags were not included in the insulation system
design. Further modifications to the baseline system which were considered are:

e The use of lower-density high-temperature insulation: 17.6-kg/ m3
(1.1-1bm/£t3)

o A composite of low-density insulation (TG 15000) and Microquartz

o The use of metal foil radiation barriers in fibrous insulation

‘ . : gm,“..@i
e ) B B

4.7.1 Insuilation System Comparisons

The initial comparison of the efficiencies of the insulation candidates was made by
comparing the density-condutivity ( # k) product. For the transient heating of in
insulated structure, it can be shown that the insulation weight required for a given heat
input is proportional to the square root of the product of ¢k .or the insulation.

The materials chosen as candidates for comparison with 56-kg/m3 (3.51 bm/ft3)
Microquartz, manufactured by the Johns Manville Corp., are:

e Astroquartz - 17.6 kg/m3 (1.1 1bm/ft3) density, a high-purity silica
fibrous felt, fiber diameter = 7 microns, maximum temperature of 1644 k
(2500°F), manufactured by j. P. Stevens and Co., New York, N.Y., thermal
{j properties obtained from reference 4-7
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e TG 15000 16 kg/m3 (1.0 1bm/ft3) density, a silicone-resin-bonded fibrous
felt, fiber diameter = 1.0 micron, maximum temperature of 644 K (700°F),
manufactured by HITCO-Defense Products Division, Gardena, Cal., thermal
properties obtained from reference 4-8. This material was chosen to be
used in conjunction with a hizh-temperature insulation in a composite

e Radiation barriers - The use of thin metal foils inserted in 56-kg/m3 (3.5-
1bm/ft2) Hicroquartz and 17.6-kg ‘'m3 (1.1-1bm/ft3) Astroquartz was in-
vestigated. Aluminum, nickel, and platinum foils . 0006 cm (. 00025 in.)
thick were considered. This gage was the thinnest commercially available
and could be readily handled. The foil density was two foils per cm (five
per inch), and the emissivity of the foils varied from .05 to .80. The
methods used to analyze the performance of the foils are presented in appen-
dix G

Figure 4-32 shows the Ak product of the candidate insulations without radiation
foils at 1.0 atmosphere. From this comparison it can be seen that Microquartz is the
most efficient at temperatures above 644 k (T000F). At temperatures below 644 K
(7000F) TG 15000 is most efficient. This suggests that a composite composed of TG
15000 on the cool side and Microquartz on the hot side would result in a weight reduc-
tion when compared to a homogenous Microquartz or Astroquartz package.

Figure 4-33 shows the 2k product for Microquartz and Astroquartz with metal
foil= inserted as radiatic “arriers. The results reveal two significant facts: the
emissivity of the foils must be kept low ( = . 05) to effect a significant reduction in

P k, and the foils are advantageous, in insulations of this density, only above 644 k

(700°F).

The oxidizing environment to which the TPS insulation would be exposcd results
in the nickel foils having an emissivity of 0.5 or higher (ref 4-9). Examination of
figures 4-32 and 4-33 indicates that emissivities of 0.5 or higher result in no reduction
in pk; therefore, the use of nickel foils is not advantageous. Aluminum foil can be
eliminated since it has a maximum temperature capability of only 700 K (768 F).
Platinum foils appear effective; however this material is considered too exotic and
expensive. The conclusion drawn from this investigation is that for the applications
considered herein, the use of metal-foil radiation barriers is not a cost-effective

way to improve insulation performance.

Design heating trajectory 14040 (subsection 2. 2) was used to estimate the
amount of insulation required for the Haynes 188 panel with an equilibrium temper-
ature of 1255 K (1800°F). The heat input and pressure vs time for this trajectory
are presented in table 1-7, The thermal criteria requirements specified a 322 K
(120°F) initial temperature at the start of entry and a 450 K (350°F) maximum tem-
perature on a structural mass equivaient to a 0.5-cm (0. 2-in, ) thick aluminum plate
with an adiabatic backface. The heating rates shown in table -{~7 were used as the
boundary conditions of a thermal model which included the metallic surface panel,
the insulation layer, and the structural heat-sink mass. These heating rates produce
a maximum surface temperature of 1255 K (18009F) for the Haynes 188 panel.

The properties of the insulation materials used are shown in figures 4-34,
:-35, and 4-36 for Microquartz, Astroquartz, and TG 15000, respectively. The data
were obtained from references -7, 1-8, and 4-10,
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Table 4-7. — Haynes 188 and René 41 TPS design trajectory heating and pressure history.

Pressure Haynes heating rate Reng heating rate
Time,
.ec Pa Torr Wll'ﬂ2 Btu/sec 12 W/m2 Btu/sec ft2
0 0002 | 15x10® 0 0 0 0
200 024 | 18x10% 11349 10 7944 7
400 667 5 62 419 55 45 396 40
600 933 7 113489 100 78 308 6.9
800 1466 1 111219 9.8 76038 6.7
1000 2533 19 106 679 9.4 73 698 6.5
1200 3333 25 74 902 6.6 52 205 46
1400 3466 26 29 507 26 20428 18
1500 3600 27 57 879 51 40 856 36
1600 3866 29 27 237 24 21563 19
1800 4266 32 3404 3 2269 2
2000 8666 65 0 0 0 0
2200 101 324 760 0 0 0 0
2217-a6wW

To simplify comparison, the amount of insulation required for the candidate in-
sulation systems was initially determined without including the effect of the heat leak
through the panel support attachments. The results for the baseline Microquartz
system and three other candidate insulation systems are shown in table 4-8, items 1

through 4.

4,.7.2 Insulation System Selection

Comparison of items 1 through 4 in table 4-8 shows that the composite system
of Microqluartz and TG 15000 (item 4) is the lightest. The mass of the system is
.29 kg/m2 (. 06 lbm 'ft2) less than the baseline system (item 1), and represents a 109

mass reduction. This system, therefore, was selected for use on the test specimens.

This system and the baseline system were reanalyzed to correct for the heat-shorting
effects resulting from the metal supports. These data are shown as items 5 and 6,
table 4-8. The difference in mass remained . 29 kg ’‘m2 (.06 lbm’/ ft2). The effects of
local hot spots at the panel support attachments and lateral conduction effects in the
primary structure were not included in the analysis.

The insulation and support rib dimensions corresponding to item 6 are shown
in figure 4-37 for the Haynes 188 panel. Note that the distance between the primary
structure and the corrugation bottom is8 5.7 ecm (2.25 in.), which is .63 cm (.25 in.)
or 10% less than the required 6.4 cm (2.5 in.). The 10% compression of the insula-
tion has an insignificant effect on the thermal properties and provides better reten-
tion of the insulation blanket. The compression also compensates for the slight
shrinkage which occurs after repeated high-temperature exposure.

The heat input and pressure time for the design of the René 41 insulation sys-
tem is given in table 4-7. The heating rate produces a maximum surface temper-
ature of 1144 K (1600°F). The same insulation concept usecd on the Haynes 188 panel
was used on the Rent 41 panel, resized to the lower surfacc temperature/heat load
requirements. The dimensions of the Ren¢ 41 system are shown in figure 4-38.
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Figure 4-34. — Thermal conductivity vs temperature and pressure of 56-kg/m3 (3.5-Ibm/ft3) Microquartz.
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Figure 4-35. — Thermal conductivity vs temperature and pressure of 17.6—kg/m3 (1.1-bm/#t3) Astroquartz (ref. 4.7).
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Figure 4-36. — Thermal conductivity vs temperature and pressure of
16-kg/m3 {1.0-1bm/ft3) TG 15000 {ref. 4-8)

4.7.3 Effects of Pressure Environment on Insulation Performance

Since insulation performance is a function of pressure, the effects of operating
an all-Microquartz system (item 5, tudle 4-8) at a pressure of one atmosprere was
« >mputed. Item 7 of table 4-4 shows that 7.4 cm (2.92 in.), a %8.6% increase in in-
sulation, is requ’ "ed to maintain a 450 K (350°9F) primary structure temperature.
Alternately, item 8 shows that if the 5.77-cm (2. 27-in.) thickness is maintained, the
primary structure would reach 486 ¥ (4159F) at the increased pre.sure. Thus, the
pressure for which an insulation system is designed : nd the pressure at which the
system is tested can have a significant effect on the performance of the system.

Both test specimens were fabricated assuming a reduced-pressure environment.
4.8 CONCEPT MASS BREAKDOWN

The unit ma:s breakdown of the original baseline design and the new "laynes 188
design s given in table 4-9. The first column gives the estimated mass of the origi-
nal sys.em. The second column gives the unit mass breakdown of the new design
Lased on uominal material thicknesses. The reductions in mass of the new design are
25% for the s cface panel, 509 for the support structure, and 40°, for the insulation.
This results in an overall 35.4% reduction in mass from the baseline design. The
most significant reductions appear for the skin, where the thickness decrcaseu from
. 025 cm (. 010 in.) to . 0145 cm (. 0057 in.); the support structure, where mass re-
ductions were achieved by reducing the number of lower clips and attaching hardware;
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Table 4-8. — Haynes 188 insulation system mass comparisons

Max struct Insulation Insulation
temy Jrature thickness mass
Press. - T
Insulation system Envir K F cm in. kg/mz tbm/ft2

(1) 3.5.om/ft3 Microguartz w/o 14040 450 | 350 5.31 | 2.09 2.9¢ 0.61
supports Traj

(2) 1.1-1bm/tt3 Astroquartz w/o 14040 | 450 (350 {247 |974 | 395 081
supports Traj

(3) 3.5-lbm/ft3 Microquartz 14040 450 | 350 704 | 277 2938 0.61
+1.01n. of 1 1-1bm 'ft3 Astro Traj
Quartz w/o supports

(4) 3.5-ibm 't13 Microguartz 14040 450 | 350 584 | 220 2.68 0.55
+ .56 n of 1.0-lbm/#t3 TG Traj
15000 w: 0 supports

| (5) 3.5-1bm/ft3 Microguartz, 14040 | 450 | 350 577|227} 322 | 066
| corrected for structural Tra; !
support heat leak
L -

{6) 3.5-1bm/1t3 Microquartz 14040 450 | 350 635 | 2.50 2.93 060
+.601n ot 10-lbm/1t3 TG
15000, corrected tor structural
support heat leak

{7) 3.6.lbm/ft3 Microquartz, 1.0 450 | 350 741 | 292 419 0.85
corrected for structurgi Atmos
support heat leak

(8) 3 5-lbm/ft3 Microquartz, 1.0 486 | 16 5.77 | 2.27 322 0.66
corrected tor structura! Atmos
support heat leak J_

® Surface equilitrium temperature = 1255 K (1800 F)

® 35 1bm/tt3 - 56 kg/m3

® 111bm/tt3- 17.6 kgm3

® 10Ibm/ft3

16 kg/m3
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Table 4-9. — Mass (estimatad nominal weights) comparison of original baseline

PAPSUANE DRSS

| .

and new design.
Component /12 kg(mz tbm/Fr2 kg/m2
Surface panel
Skin 0.523 2.554 0.2866 1.3994
Corrugation .664 3.242 .5888 2.8749
Doublers - - .0299 .1460
Antach nivets 2054 .264 .0240 1172
Subtotal 1.241 6.060 9293 45375
% change - -25.1
Supports
Weos 0.090 0.439 0.0539 0.2632
Upper chps 110 537 .1064 5195
Lower clips .164 .80 0547 2671
Drag bracket .031 51 0158 .0mn
Attach hadware 130 .635 .0302 .1475
Subtotal 525 2.563 .2610 1.2744
% change - -50.3
Insulation
Microquartz 0.660 3223 0.5541 2.7055
® 350 1.709 €.0500 2441
Subtotal 1.010 4,932 6041 2.9496
% change -40.2
L —

1ot 2.776 13.555 1.7944 8.7615
% change - -35.4

3 8.32 screws and nuts used

Y Incone! bagging and supports

€ TG 15000 insulation
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".%?‘ and in the .nsulation system, where reductions were obtained by eliminating foil bag-
" ging and support hardware, and the use of low-density TG 15000 insulation.
k2 Bl The actual unit mass of each :omponent was also determined, and is given in
o - the third column of table 4-10. Actual overall mass increased 8.1% from the esti-
< mated nominal tolerance system. The largest mass increase (20. 7)) occurred {n the
7l 1 corrugation, and was the rcsult of thinning at the corrugation bend line. The thinning
[J occurred during the postforming "sizing' operation. Sizing of the corrugation was
T required to straighten :he corrugations after brake-forming. The technique used was .
;3_\.: - to brake-form sligk 'y undersize ana cubsequently stretch or 'size” the corrugation -
gE U in a 1orm block, machined to the required final dimensions. The sizing was achieved :
5= by vsing pressure plai.s w size the part to its final dimensions. The plates caused
v an excessive amount of stretch to occur in the bend area, rrsulting in significant
' N B thinning, approximately . 0076 cm (. 003 in.) at the bend line. The reduced thickness
¥ ;J was used as the base thickness for the chem-milling operation so that the required
£ minimum of . 0145 cm (. 0057 in.) would be achieved at the bend line. The corruga-
i {1
s
~ Y M
: L} Table 4-10. — haynes TPS mass breakdown (new design). !
- Estimated mass Estimated mass
(nominal tolerance) {max _tolerance) Actual mass
, U Component et | kvm? w2 | kg/m? bmmZ | kgm®
Surface panel
A D Skin 0.2866 1.3994 0.3014 14716 0.3090 1.5087
- Corrugation 5888 28749 6497 31723 10 34716
- Doublers 0299 1460 0309 1509 b 0360 b 1758
. _ Attach nvets 0240 1172 2 0240 a2 € 0240 < 172
( } Subtotai 9293 45375 1.0059 49120 1.080 5.2733
L % change - 8.2 | 4162
N Supports
U Webs 0.0539 02632 0.0573 02798 0.0540 0.2637
Upper clips 1064 5195 1076 5254 0986 4814
Lower clips 0047 2671 0553 2700 0548 2676
Drag bracket 0158 oIn 0163 0796 b,0180 b 0879
D Attach hardware r~02 1475 0302 1475 € 0302 €.1475%
. Subtotal 2610 12744 2667 13023 2667 1.2481
: - % change - 422 -21
Ei 7 insulation
. j] Microquart.s 0.5541 LZ 7055 a0 541 a2 7055 €0.5541 €2.7055
o TG 15000 0500 2441 | 90500 | 3.2443 ¢ 0500 ¢ 2441
'»\- : 5 Subtotal 6041 2.9496 6041 7 9496 6041 2.9496
L3 % change - - -
_ Total 1.7944 8.7615 1.8767 9.1639 19397 9.4710
U % char, - 4.6 +8.1
) P
[ Mot avanab » ‘
Lf b 044 cm { 0175 n Y mats usend instead of 038 cni ( 015 10} : ;
© Hems not weighed
1 T
i
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tion wall thickness averaged . 022 cm (. 0085 in.) instead of . 0145 cm (. 0057 in. ),
which accounts for the 3.47-kg/m?2 (. T11-lbm/ft2) mass. This problem was eliminated
during the René 41 forming operations by using a larger bend radius and redesigning
the pressure plates used in the sizing operation. Mass increases in the skin doublers
and drag bracket resulted from use of . 044-cm (. 0175-in. ) instead of .038-cm

(- 015-in. ) material, which was not available.

The unit mass breakdown of the René 41 TPS is given in table 4-11. As indicateii
the actual mass of the fabricated panel was only 2.8% higher than estimated.

Table 4-11. — Rene 41 TPS mass breakdows.

Estimatod mass Estimated mass
{Nomina) tolerance) {Max tolerance) Actual mass
Component /2 kdmz then/fe? kglmz tbm/f? ks/mz
Surface panel
Skin 0.3525 1.7211 0.39 1.9388 0.3600 1.7577
Corrugation 4447 21712 4751 23196 4800 2.34%%
Doublers .0116 0566 0123 .0601 0103 0503
Attach rivets 0240 1172 20240 a1172 b 0240 b1172
Subtotal .8328 4.0661 .9085 44357 8743 42688
% change - +0.1 +50
Supports
Webs 0.0262 0.1279 0.0278 0.1357 0.0324 0.1582
Upper clips .0655 .3198 .0668 3261 0570 2783
Lower clips 0337 .1645 .0344 .1680 .0306 1494
Drag bracket .0103 D503 .0106 0518 0149 0727
Attach hardware .0302 1474 .0302 .1474 b 0302 b 1474
Subtotal .1659 .8099 .1698 .8290 .1651 .8060
% change - +2.3 +0.0
Insufation
Microquartz 0.4020 1.9627 a0.4020 81.9627 b0.4020 b1.9627
TG 15000 0500 2441 a 0500 a 2441 b 0500 b 2441
Subtotal .4520 2.2068 .4520 2.2068 4520 2.2068
% change - -
Total 1.4507 7.0828 1.6303 7471 14914 7.2816
% change - £ 5 +28
b
3 Not available
b Not weighed
2217-96W B
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4.9 PANEL STIFFNLSS PROPERTIES

Panel stiffness properties were determined for the Haynes 188 and René 41
panels. The properties were calculated for the final production sections, which are
fllustrated in figures 4-10(a) and 4-10(b). The properties are given in table 4-12.

Table 4-12. — Summary of panel stiffness properties.

Haynes 188 TPS Rene 41 TPS
‘; N'm Wo—in. N-m to—in. 5
Constant | Room temp | 1255 K| Room temp | 1800°F | Room temp | 1144 K |Room temp| 1600°F |
< D, 673 | 2695 | 50643 | 23857 | 2656 | 1490 | 23539 [13185 B
:q — D, 4180 1695 | 37 15 9830 5536 | 87 49

D D, 2254 902 19949 | 7980 1218 682 10779 |6037

amrare
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Section 5

TEST SPECIMEN FABRICATION

5.1 HAYNES 188 FASTENER DEVELOPMENT

Although conventional, threaded fasteners have been fabricated from Haynes 25
(L-605) alloy, experience has shown that oxide formation after repeated high~-tempera-
tare exposure makes removal extremely difficult, (Seizure of Haynes 25 screws on a
previous test panel is described in reference 5-1, page 13.) Although Haynes 188 is
less prone to oxidation than Haynes 25, Haynes 188 threaded fasteners are hzavier and
more costly to use in blind applica*ions, and should be restricted to areas requiring
access to the primary structure. The desirability, therefore, of a low-mass blind
rivet for the large areas of the TPS was recognized early in the program, and the
development of a blind fastener fabricated from Haynes 188 was undertaken.

The Huck Mamfacturing Co., Carson, California, was selected to manufacture
the fasteners. The design selected was developed from the existing mechanically
locking spindle (MLS) type blind rivet. This type of rivet is used extensively on
aerospace-type structures. The fastener developed by Huck is shown in figure 5-1.
As illustrated, the fastener employs a forged, brazier-type protruding head. A flush-
type head can also be fabricated, if required. 7The flush-type head was not used on the
test specimen so that double dimpling could be avoided. The fastener includes a lock
collar for positive retention of the control pin. Both the lock collar and central pin
were machined from .317-cm (.125-in.) diameter wire. The head and shank were
forged from .396-cm (. 156-in.) diameter wire,

5.2 SURFACE-PANEL FABRICATION
5.2,1 Skin Fabrication

The <kin was fabricated using conventional rubber-press techniques. The alu-
mimum form block, which includes the bead geometry, is shown in figure 5-2, The
finished Haynes 188 skin, formed after chem-milling, is shown in figure 5-3. The
René skin was formed on the same block.

5.2.2 Corrugation Fabrication

The corrugation was fabricated using a standard forming brake. The forming
sequence is shown in figure 5-4, The corrugation, formed before chem-milling, was
predrilled on the edges, using an accurate drill template. The holes were used to
locate the upper die by use of an index pin, as shown in figure 5-4(a). Figures 5-1(b)
through (g) show the actual brake-forming sequence of the Liené 11 corrugation.
Figure 5-4(h) shows the corrugation being removed from the sizing block, which was
used to stretch or size the corrugation to its final dimensions.

"Thinning' at the bend line was experienced with the Haynes 188 corrugatinn,
This was the result of too sharp a radius on the sizing plates, which were used to
force and stretch the material into the sizing block, The reduced thickness at the
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bend lines was identified during chem-milling, and this reduced thickness was used as
the base thickness during chem-milling. Consequently, the final wall thickness
averaged .022 cm (.0085 in.) instead of the desired .0145 cm (.0057 in.).

The thinning was prevented on the René 41 corrugation by use of a laxger
bend radius and redesigned sizing blocks. An enlargement of the René 41 corrugation,
shown in figure 5-5, indicates essentially no thinning at the upper or lower bend areas.

5.2.3 Surface-Panel Assembly

The skin and corrugation were joined by means of a roll-seam welding technique
which produces an overlapping spotweld. Three weld lines were used at each skin/
corrugation interface. After seam welding, the edge doublers were added at each end
by conventional spotwelding. The fully assembled surface panel is shown in figure 5-6.
Also shown is the corrugation chem-mill sculpturing profile employed to minimize
mass. (Refer to para 4.3.7.)

5.2.4 Haynes 188 Panel Surface Emittance Treatment

Prior to test specimen final assembly, the Haynes 188 surface panels were
preoxidized to increase their surface emittance. The emittance treatment consisted
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Figure 5 1. — Haynes 188 blind fastener.
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Figure 5.6, — Fully assembled Haynee 188 surface panel,
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of cleaning the panels, using a div vapor hone. Following cleaning, the panels were
inserted in an electrically heated oven preheated to 1339 K (19500F), The panels
were exposed at this temperature for 4 hr, A surface emittance of .79 was measured,
using a Gier Dunkle Model DB~100 portable reflectometer.

5.2.5 René 41 Panel Surface Emittance Treatment

To obtain a surface emittance of .80 or more on René 41, it is necessary to
oxidize the material in air at 1340 K (1950°F) for a minimum of 30 min. Exposure
at this temperature reanneals the material, requiring a new solution-treatment cycle,
Solution-treatment of René 41 requires heating at 1395 K (2050%F) followea by a rapid
quench. Because the René 41 panels were fully assembled, consideration was given
to the possibility of warpage and distortion during the quench cycle. It was decided,
therefore, to increase the surface emittance of the pauel by use of Pyromark, a
refractory coating providing high emitiance {greater than . 80) at a service tempera-
ture of 1367 K {2000°F). The coating is a product of Tempil, Inc,, Hamilton Blvd.,
South Plainfield, N.J,, and is supplied as a liguid.

The René 41 panels were sprayed with Pyromark and allowed to air-dry for 24 hr,
The panels were then baked at 522 K (480°F) for 1 hr, The coating was then vitrified
at 1172 K (16500F) for 4 hr and air-cooled, The vitrification cycle is identical to the
material aging cycle, and both were accomplished simultanecusly, Following vitrifi-
cation, a surface emittance of 59 was measured.

It is porsible to increase René 41 surface emittance by oxidation rather than use
of a coating, The oxidation exposure, however, should be done before solution~-treat~
ment and panel fabrication,

5.3 SUPPORT RIBS FABRICATION

Two types of support ribs were used fo support the surface panel: a flexible
type at the expansion joint, and a fixed type where two adjacent panels butt, which is
called the center support rib, Although both ribs are functionally different, a common
design was developed for both rib webs to reduce costs. The rib-wveb stamping die
and form block are shown in figure 5-7. Also shown is the Haynes i88 rib-web detail
after stamping but before forming., The René 41 rib web was fabricated in an identical
manner,

£,3.1 Center Support (Fixed) Rib

The Haynes 188 penel center support rib is shown in figure 5-8. The rib was
assembled by locating and spotwelding the upper and lower clips., Two spotwelds
were used on the upper clip, three on the lower, The drag supports were also attached
by spotwelding. The René 41 support rib is identical to the Haynes 18¢ rib, except
for height,

5.3.2 End Flexing Rib

The Haynes 188 end {lexing rib is shown in figure 5-9. Two rib webs were spot-
welded to the lower U~shaped ~lip. The upper clips weie then located and spotwelded
o the rib web, The lower U clips have a piteh of 7.62 em (3,0 in.)., However, at
the left end, the pitch was reduced to 3.81 em (1.50 in.) to [it within the 51-cm (24-in.)
test cavitv, The René 41 flexing rib is identical to the one shown, except for height.
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5.4 EDGE FAIRINGS

Edge fuirvings were designed and fabricated to seal the test specimen within the
test cavity and to provide a smooth aerodynamic flow during testing, The fairings are
shown in figure 5-10. The forward and aft {airings were rubber-press {ormed with
a bead geometry identical to the skin panels. The beads "close-out” to provide a
smooth aerodynamic flow, The side {airings have flai {Innges spotwelded to the skin
panels, All the edge fairings were formed with a curved (half-circle) lip, which was
designed to support a braided rope-type seal made of a silica material, The seal is
added during installation of the test specimen in the TPSTFE test cavity,

5.5 TEST SPECIMEN FINAL ASSEMBILY

The fully assembled Haynes 188 TPS test specimen is shown in figure 5-11. The
61- x 91-cm (24- x 36-in.) specimen is chown mounted on the aluminum support
structure designed to simulate the thermal mass of a typieal flight vehicle (subsection
6.5). The first step in final assembly was to attach the support ribs, including insulat-
ing washers, to the support structure (appendix E, drawing AD1001~100), The in-
sulation system was then installed between the ribs, as shown, The skin and lorward
and aft fairings, were then installed on the support ribs and fastened using the Haynes
188 fasteners. The eight holes shown in the support %mamf‘e “fltie channels ave for
attaching the test specimen in the TPSTFE fest cavity, imen related to the
TPSTF test cavity are givenon NASA drawings LE-326270, 6207, LE-526200,
and LE~526164,)

S

The fully assembled Rend 41 TPS test specimes 15 shown in figure 5-12, The
specimen was assembled identically to the Havnes 18- specimen, Haynes I‘«% fasteners
were used to attach the skin panels on the Hend 11 TPS because of thel  higher tem-
perature capability,

5.6 REFERENCES

5-1 Sawver, J. W.: Acrothermul ind Structural Performance oba Uohnt=Pase Super-
alloy Thermal Protection . ts.er 2! Mach o.6. NASA TXD-3415, May 1877,
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Section 4
TEST SPECIMEN INSTRUMENTATION L 58U PPOHT SIBLCTLRE

The test specimen instrumentation configuration 18 shown in figure 6-1. As in-
dicated, 53 thermocouples (T/0) were installed in the locations indicated to monitor
test specimen temperatures, The eight T/Cs, which monitored heat-sink tempera-
fures, were iabricated using chromel alumel tberglass-insulated 30-gage wire, and
attached with 1 hich-temperature adbhesive, All other T/Cs ave the ceramo type,
spotwelded 1o the test panel,  Thermocouples sttached to the heat sink arve shown in
fioure -2, Toansition from 30-gage T/C wire to 2i-gage extension wire was made
with two-pronced vonnectors 15,2 em 6,0 in.} below the structure, The connectors
are shown in figure 6-3,  Correlation of T/C number and location is given in appendix
i,

The Havnes 188 and Hené 1] test articles were instrumented identically,
6,1 PANEL DEVLECTION MEABUREMENTS

Skirepanel detlections were measured at the center of the Bl-om (20.0<0n, ) test
panel, a¢ indicated in Hgure 6-1, Measurements were made by a cable~tvpe linear-
displacerent transducer capable of operation ina 177 K (1009F) environment, with a
vesGlution of JB00 o 0,001 00y, The transducer i, basieally, o potentiometer
driven v the displacement of the extending cable, The transducer, shown in figure
Geol, was muunted-below the heat sivk, where the temperature was less huan 177 K
0001,

.2 INSULATION SYSTEM JEMIPHATURES

To evaluats temperature gradients through the insulation thickness, four T/Ce
wore pluced 1,27 om 0.0 oy apart on g support plate.  Two such arrangements were
ermploved, indiested by the letter T in figure 6-1, Ore is located at the panel center,
ard one pear e Jesing rib, The two 1/C assemblies arve shown in boure 6=2,

i ERPANSION JOINT LEAKAGE

To evalunte expansion ioint leak ¢, three T Cs were placed in line under the
dhin, in the expansion oint area,  This is Hustrated in section A=A of Houre 6-1,
I lealiage were lo oreur, it was expecied that the center T/C would record g higher
termperature, This arramgenment was emploved at thyee locations in the expansion
ioint area. The expansion foint T/Cs are shown in tigure 6-4,

God bk sEAL FEAKAGE

To evaluate teskage around the test specimen cdges, four T/Cs were emploved,
et b vl e, as Mustrated dn foures 67 ol G4
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6.5 TEST SPECIMEN SUPPORT STRUCTURE

A structure (figures 6-2 and 6-3) was designed to support the test specimen in
the TPSTF. It was to represent the thermal i ass of a vehicle substructure equiva-
lent to a .51-cm (0.20-in.) thick aluminum plate. (Detail stress analysis of the sup~
port structure is given in appendix 1.) Although the maximum pressure in the TPSTF
is approximately 2.5 kPa (53 psf), the support <tructure was designed and checked for
a 16.8-kPa (350-psf) limit pressure load. The deflection of the critical beam, under
the flexing rib was .005 cm (. 002 in,) with the 16.8-kPa {350-psf) loading. (The
support structure production drawing (AD1001-104) is given in appendix E.)

The support structures for the Haynee 188 and René 41 panels are identical.

Edge-seal T/C o

L Edgeseal T/C

Expansion:joint T/C

sirarw : ; .
Figura 6.4, -~ Surface panel instrumentation — lower surface.
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Section 7

CONC LUSIONS

A lightweight metallic TPS was designed, and two test articles were fabricated,
one from Havnes 188 and one from René 41. A baseline TPS concept, selected at the
beginning of the program, consisted of a Havnes 25 corrugation-~stiffened beaded skin
surface panel, a speciailv designed support system, and an insulation system. By
optimizing the structure for the design toads and by chem-milling to remove material
not needed, the mass of the baseline surface panel was reduced 25, and the mass of
the support structure was reduced 50%. The insulation svstem mass was reduced
407 by using two types of insulation, each suited to its temperature range. and by
eliminating a foil bag which encapsulated the baseline insulation system. These re-
ductions resulted in an overall 35" reduction in mass of the Haynes 138 panel from
the bascline Havnes 25 design. Similar reductions were achieved with the René 41
svstem.

The overall program led to the following conclusions:

e Rene 41 and Havnes 188 heat shields appear to be viable approaches for a
the rmal protgction svstem for vehicles sustaining temperatures up to
1255 K (1300 1)

. 2 2
o A Rene 41 TIPS with a mass of 7.08 kg /m (1.45_)lbm ft™) and a Havnes 188
TPS with a mass of 8. 7615 kg 'm= ( .794 lbm ft=) can be fabricated using
state-of-the-art production techniques.

® ‘Two thermual protection systems, optimized for different materials and
operating temperatures, can be used as adjacent compatible svstems, with
onlv a small decrease in mass efficiency resulting from the compromise.

In view of these results, it is concluded that the basic technology for flat
metallic TPS is available.




APPENDIX A

Skin/Corrugation Optimization Procedure

The surface psnel (skin/corrugation) optimization procedure is given
in the following pages. The Jesign equations and anslysis procedure are
presented. Alsc presented is the computer program (HAYNES) which was
developed to simplify selection of the optimum Haynes 188 and René L1

configurations.

Design Equations

The bending moment (M) at mid-span is:

2
Prp L Where: Pr = Pressure (PSF)
M=
L p = Pitch
Jo M= (31666 PP, L = Span = 19.1 in
E (modulus) is the appropriate value (,ig%)n""

for temp., and material combo, i L
A ’ l
Element ! ; > b

{FLUTTER CONSTRAINTS
See Fig. 4=T, L=8)

(1) ty 2 .0061 (b+.06) (HAYNES)
t 2 .0078 (b+.06) -~ .00192 (RENE’)
o t
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aspect ratio bezd

CREEP
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(5)

for the ranges of

(6)

ELEMENT ( 5 )

(7)

- Lo

(CREEP, COND D)

(8)

«

'A
)

£ = .31663p (430) (Im)

(BUCKLING, COND A)

.31668p (50) \TKN_A) <

h
K = e [-7355+1.12663 (3 ) ]
- cr
X

0 of interest in this study

()
 KE\w

= 1.4

t.\2
% 3.62E (-d!
.31668p (14130) (T—) < -
NA L}
2770+1770 (h+.1b)
1,15




REPRODUCIRILITY OF THE
ORIGINAL PAGLE [S POOR

_NALYSIS PROCEDURES

13.

14,

15,

Known
Parameters
x
ASSUME B = E:TTB
ASSUME 1
ASSUME b L
ASSIME h . X is known h
IF X <(h+.1b)/2 go to Step 14
Solve Eq (8) for (I,) (I.,)
NA" REQUIRED NA” REQ
Solve Eq (6) for t, t.
Solve Eq (1) for t, P!
EAX -
Solve <% =X for (dt3)
Substitute e Eq (7) and solve for d d
Solve dt3 for t3 t3
Solve section property equations for (INA) (INA)
ACTUAL ACT,
(INA)A('T
1F ﬁ-uT =1 > 'EOLERANCE
" REQ — taken as 0.001

Increment h and return to Step 4, otherwise go to step 1%

Solve Fg (3) for (INA) and go to Step 7.
REQUIRED

Check equations (2) & (4) to see if design is accepleble, 11 net go

4o Step O,



t

Known

Parameters
16. Calculate Section Weight/Fte ‘
w=Z22. 20, - DENSITY (3-9-) WELGHT
P FTz ;

17. Continue varying p, b and 8 to find optimum section. !

® Because of the number of arithmetic operations required
and the iterative nature of the analysis, a computer
program HAYNES, was written. This prograr can not be
considered as the true optimization profram, since
some of the steps necessary to find the least weight
acceptable design section are graphical and require

the user to interface with the program.

The program follows the 17 steps outlined above ex-

cept that the sequence has been altered to improve

the program efficiency, A program option allows

the margins of safety for each element to be output
A if desired by the user, The program operates on

¥ Grumman's time-share computer,

The computer printout for the optimized HAYNES
section is presented in Figure A-1. The face sheet

thickness, t,, was sized to prevent flutter, but it

1
can be seen that it (element QEZ) ) has only a 3%
margin of safety in buckling under Condition B and a zero

margin in creep under Condition D. Elements (::) and (Ei)

A-4
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have zero margins under two conditions. Element 3 '

2-3\ has a zero margin in buckling under condi- .

tion B, The margin of safety reflects the re- J

serve sirength after the approrriate factor of :j

safety has been applied. Tie results for the opti- .

mized Rene’ 41 panel ar: given in Figure A-2. l
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EAL 45(7), €2
IIESEW 7N, {7
ERT = 3%,2¢1000,. 222
13 1AITELS, W)
Ky F?&t\rtzx,ll,zﬁ,'flar AT P°,‘?,vf\:,ic,wﬂ,iv\x,ftTt 2,1
2:an{5,13) Po,d?,’:az,zv,ﬂt,t:\1,117\
\F (P LLT. ) 41 T
13 F3Q1&7(3;3.9,|3,=%.0)
1?!75(3,3)70,‘9,?1\:,"*,:1,1'A4,1?T\
IRNTELS, D)
5 Fwn\AT(zx.IIOA,'JWAT 15 T 2D
1cA(5,13) T4
miTeEs, 3) T,
JUTE(S, 182
13 FJ?WAT(ZI,II“(,'!%\T 15 1omc )
e \N{5,1%) 1PRT
15 FITNTLIS)
12|TE(6,1)
1 ETIATC28, /11D
17¢ 1eet 2 © ) 173, 2)
o = 20
1= 32
ny 1f1 1L = 1,5000
Ps?#qp
1t ( P.}T.?ta() 1Y Ty M

3= 30
Nt 00 JJ = 1,50CC
3 =9 *+ ¢ )

17(3.3T.2=.0) 3 7O 71
1203, 3T, JTHAX) 3 T2l

4 = 0.
pt = .1
sn 1= 1 ¢ AR
£:12€2 = 277C. * 1170.*({+.1*1)
At = BITA=(L 4 0.1%7)

AR ' = XBAR
1F (3ETA LT 05) AV, = Qe 191 =XOA7
> DYYEN = 1.15*.31G38*“*50.*\1"IF21EEP
cn = =xP(.7355 * 1.1613*1/X"\?)
T2 = H*SlTT((FCR?E’*l.h*bSO.)/(?Z?*l.lS*S?.*:TT))
LRSS £:2(.7555 * 1.16ﬁ3*1/(l-11\1))
AT = .31668*7*350.*(1-$1\R)*l.bl(ﬂﬁltEﬁT*Rl1ER)
) 1= (W% e, M) 5y 72 50
) T27 = 4**11T(\1}\
. 1= (727 aT.e T v2 = 727
Tl = .0031*11 T
T11l = 1.3*1.3*(1+.‘7)~.31333kﬁ*3}?.*(l+.1*1°12\1)
T11 = Tll/(.ZQ*E:T*Q\:ET)
15F = 0

1 REPRODUCIBILITY
A-8 ORIGINAL PAGE xsolf'oglgf;E
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el

m i
WY,

,,

IF (T12.3T.71Y 1°° = 1

I (T11.3T.T1) T1 = T11

TS = 102580« T 7404420, 00%573) & (2=1)2(T1eT2)o! & TI2w 1342
W73 o= WTBI(fTT\t(!+.1*?‘)

T3 = VT3 - (1.023%7*2*T1+(’-})*(T1*T2)*2.*!*Tz)
'F(WT".LTol. l.’ T:‘ S(‘

TEND = SYNT(FCIZCIPel 4eh30,/(3.52«FTw1,.1525%,))

N = SAIT(NT3/TE D)

T3 = D+T2P

A= 1.027°852547T) + (Da; DIRITIeT2) + 2 2 1eT2 + 1273

X = 1. 9254:w.tT1*(i*.* C3637353Y +(2=")2{T1+T2)2 | ¢ T2#1va2

.

RITZ15,7)
ELEMENT 42, 1
F(1) = 430,071
F(2) = F(D)

A-9

\X221.0230 50 2Tl (452, 0555950522 & (P=l)#(T1+T2) ¢ 422
A2 = A2 2 T2 ixx3/2,
i X1l = T2+ 12e3/3,
A=Y/
LUIERaAL2 + X015 = AR{3\qwe2
ll FECASS0N S0/ R0027=1,) JLF, rorel) 3 T 50
IECKIIED LT, 22T ) 39 TI 56
1= 4= 21
II 31 o= 9110,
1FCT 1. LT, 1. /(1000 «¢2)) 1) T9 170
3Ty 50
- A0 TR
A=/ ?
¥ I=\Ge1%48 ,+7,33
ir =¢
'I F23 m 3)CT(1.540315574 04350  al 1= TAN) /(3. G247 TAX 1 IER) ) 4 (=)
17 (T1eT2 .LT. £23) 17 = 1
2 2308728, /,
3 1 2,0 o p T1 4 T2 " T3
: 2 AT 1A R A/> UT/ET? IEADY, /)
IFC IF .S, 1) 3 77 9en
FOI2T LT 1) 1MTE(5,2)
RITI0C,53)°,%,T1, 5,72,°, T3, 4, 00 53, 1A, A%, 4, 37
3 T3IAT(2%,1270.5,15)
1T 0T LT 1) 3 TH e
15 (1230 .2% ') 31 1) 3
313 3YITIS
FI1EEP = FrTrD
TTYIT= 55000,
ETY 13T = 11000.
EINT = 13.7#2000, %2
FAZE = (1,#1000.#+2)+22
CII3 = D>#,31553«°070\7/ 70 i5R
CYI2 = Pa,31558+( 1=X"% 1)/ {113
CYIIL = 2#.31558+( 4+.123={3A) /1 €N



(9}

()

1ce

F(3) = 350.+CO11
Fly) = F(3)

F(5) = 1C0.+CI41
F(5) = F(5)

F(7) = 5C0.=2711

(1) = FTYRT/I 15
3(2) = FAXE

3(3) = FTYRT/1.15
3(4) = .22#5RT*T1/1.3/(N+.C5)/1.%
3(5) = FTY1)T/1.15
3(5) = S(8)*ZIT/ERT
3(7) = FCREEP/1.15
INET = 1

G2 T2 5°0C

CHITINIE
ELEIENT W03. 2 13

EC1) = 430.*C2
F(2) = F{1)
£{3) = 35C.*70°12
F(y) = F(3)

F(5) = 1C0.*C312
F(5) = F(5)

€(7) = 5°.+27I2
G(h) = 3,.62+ET#((T1+72)/(2=2))»22/1.4
3(5) = 3(2)*THIT/IRT
RET = 23

31 T) SCC
COITIIIE

ELE T 10, 4

(1) = 433C.*27°13
F(2) = F(1)
F(3) = 35C.*C)13
F(u) = F(3)

£(5) = 100.*273
F(3) = F(3)

F(7) = 50,.+ 203

%3 = EXP(.7355 + 1.1553+1/°100\0)
3(2) RCWERT*(T2/ 1) *22/1.%
KCR = ELP(.7355 + 1.1653*!/01=X3A))

() = "“*"’T*’T°/l)**7/1 4
a05) = (8= T/IT
127 = 4
37 71 500
CYITILIE
SLTYIT 2. 05
SC2Y = 3.52%57A(T3/))xx2/1.!
308y = FARE
2(5) = FAXE
172T = 5
3) T2 500
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490
00
510
k)
10

839

900
701

399
EN0F:

CONTINUE

30 T2 300

CITI IUE

Do S10 1 = 1,7

MSC1) = GCIY/S(C1) - 1,

FOR™AT(2X,/2X, 'ELE™ A YLD A BEL 3 YLD

1 C 8L 2 CRP', /)

RITE(G,10)IRET, ("1S(1),1=1,7)
FORYMAT(I14,7F2,2)
IF(IRET.E.23) 39 T2 2C0

30 TO (100,100,1°0,4CC,513C), IR
CONTI'IUE

IF (T1 .3T. T'U*Y) 37 T2 101
ConTINIE

CONTIIUE

GO TO 1)

CALL EXIT

END

A-11
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AP. IX B

CORRUGATION SCULPTURING PROFILE DETERMINATION
To minimize corrugation mass, the lower horizontal flet of the corruga-

.1.1 wac sculptured. The sculpturing profile was designed to match the bend-

T SRS L R T S e

iag moment and to maintain the area and buckling allowable stress. The de-
sign equations and anslysis procedure are presented, including the profile
1 'r the Haynes 188 and the Rene’ L1 panel.
d & t., were obtained from %‘
3 ¢
optimization procedures 3 —‘ %
:
For menufacturing, the lower t, %
3
flange must be altered to this ‘ tu §
geametry (t2 from optimization) ) L ‘3
o
ls—— d'—"l .06 IN, (TYF)f

Therefore, select 4’ & th such that the area and buckling allowable re-

» Dedeitatll.

main the same. X
7

AREA r"
[ — "

' - 2(.06)(ty) = det, (1) B

3w LING ]

Since lateral bending stiffness controls the buckling, select d’ and tl‘

to provide th. same, or less, deflection.




—tet e we

LOWER FLANGE (Cont'd)

.d\2
M \g-)
& = SR

1 3
1 * 15 (t3)

A2 = Aba +eba (.06) + Acb
2 )
«(g)
. N2/
Loa = SEI
I 3
A\,
o = 2
ba EI
/
2 _ 1 3
dl 2 dl
P e (Z) +('2')(‘06)+(.o<5)3
2 E 1/12 e 3 3 3
2, t), 2t,
2 2
(daf) , .06 4’ (.00 , 1 (12M)
3 2 3 2 3 E (2)
8 t, th ty
Assume a-a’=2(.06) (2a)
' ?
o = g_— = ————d (Eb)
a a’ + .12
B-2

» ——y
T A3l At a?




- * “ :
- e

.

B o

- = 2

a2u &
which must be less than: E 8t3

3
2 2
2w l-a f_
- *LTL =3 (3)
k s 3

The left side of Eq. (3) is equivalent to a span of d with an equivalent

thickness of t, so that @

2 2
a~a , (1) = 1
R )
L 2
For Local Buckling:
6\ 2 .2
l=.cruel KcrE(d I(crE 3 (58)
or a=z(i) (5b)
1;3
Procedure
l, Assume d:L
2. Solve (1) for th
3. Solve (2b) fer o
4, Solve (4) fort
5, Solve (5b) for d
6. Solve (2a) for a’
B-3

R L < ] L} Wl o vl




! I 3

LOWER FLANGE (Cont'd)
7. Compare 4’ (Step 6) with 4’ (Step 1)

a, If dé # dJ'_ use new 4’ and return to step 1.

PR M

b, If 4 S ai check (3) for validity

Haynes 188 Rene’ k1 .

d . @ mo 0"39 ml
t3 0129 IN, .0122 IN,
t, .0055 IN, .0071 IN. _—
a’ .566 1IN, .321 IN.
d .686 IN. ALl IN,
th L0147 IN, .0140 IN.
EQ (L) Left 230170% 105860 IN,
EQ (4) Rt. 226960* 106130 IN.

*Approx. 1% too high - Acceptable

Since the bending moment for all conditions is a maximum at mid-span

and varies to zero at the ends, the width of the chem-mill pad was varied to

ainimize weight.




FmAppendixAFueA-?

S

A = 1.02646 b, + (p—b)(tl+t2) + 2nt, + dt3
Ax = 1,02646 bty [h+b(.0661093‘)] + (p=-b) (tl+ ta)h + tzha

A 2. 1.02646 bt, [hed( .066!493)]2 + (p~b) (t1+t2)h2~ + % t.h3

x 1
= 1 3
oo = 8 %M
X = Ax/A
2 - 2
IRA - Ax + Ioo - AX
Let dt3 = AS
Haynes 188 Rene’ 41
P 1.50 1.50
b .82 782
t .0051 .0073
h .633 435
t, .0055 .0071
d .698 439
t3 .0129 .0122
A .01867 +A5 .02237 +A5
A .0098256 0086947
> -

Ax .0056679 .0036384
To .002325 . 000097}

1368-000W



’ﬂz.mr Flange (Cont'a)

| It can be seen that as AS decreases, X incresses so that the lower flange
is always more critical than the upper bead. Further, since as the width of
the cl:l«a-mill vad is reduced, the local buckling allowable decreases, The

creer allowable is always constant so that buckling under condition A is
 eriticsl,

My, X For Ner - [T\
Set I, = T, - Farp * T °T% E(-E-) Kog = 3.62 (GAC SM B5.11.11-1)

(6)
B=3k.2x 106ps‘1 - Haynes 188

= 31,6 x lo6psi - Rene’ k1

Procedure:
1. Assume a”
,. 2, Calculate o fram (2b)
3. Calculate t fram (4)

4, Calculate F

cper, from (52)

5. Cslculate M

g, Trom (6)

6. Calculate X from (7) below.
My ; 18 plotted against d’ in Fig. B-1

The applied bending moment is given by:

P
W-FSI . palii%(l.S) = 4 479 #/IN. mm

L
2 , 2
o [F-H = L

(L = 19,1 IN,)

B-8"'

L
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ALLOWABLE BENDING MOMENT (qALL

-t
=
Wi

L 1 I\ ']

.25 .51 .76 1.02
(.1) (.2) (.3) (.4)

CHEM-MILI, PAD WIDTH em (IN.)

FIGURE B-1 ALLOWABLE BENDING MOMENT
vs CHEM-MILL PAD WIDTH

1.27
(.5)



TABLE B-)
F&mgé ___CHEM MILL PAD WIDTH g’ (1)
in cm in cm in cm
0 n . 566 1Lk .321 815
2 5.08 .560 1.42 315 .800
. 4 10.16 .525 1.33 .283 .19
6 15.24 160 1.17 217 .551
T 17.78 - - 163 Ly
8 20.32 .320 .813 .060 152
8.33 21.16 - - .00 0
9.55 2k, 26 0.00 0.0 - .
WT SAVED .168 ke/o- .092 kg/u®
( CURVED PROFILING ) (.034k 1b/£t2) (.0188 1b/t?)
-
WT SAVED 145 kg/ud .080 kg/u"
( STRAIGHT PROFILING) (.0299 1b/£t?) (.0163 1b/£t°)

[ N

1368-026W

(1) The d’ shown are minimums required.

Actual d’ will be slightly

larger because straight line chem-milling will be used,

tasssatad

o
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The detail stress analysis of the Haynes 188 thermel rrotection system

-

is given in the following pages. Included is the analysis for the surface [
vanel tc support rib attachments, the computer program developed Tnr the
support rib opsimization, and the drag bracket detall analysis, The effect

of panel spanwise thermal expansion on the support rib is also presented.

MAXIMUM SHEAR LOAD, V

v .—.-;- 15R L= % (1.5) Py (20) = 15 Py (Pp in psi) A
Condition P (1b/ﬁ;2) V (1b)
A =430 -44.8 LIMIT
B 350 36.5 LIMIT
. c 100 10.4 LIMIT
D 50 5.2 LIMIT

CORRUGATION SIDEWALL BUCKLING

-

Each wall carries =V = 22.4 1b max r-

2
laa.h

t = .0055

1
3V 22,4

T = Bt = 7633 (.0055

22l _
= 6435 psi 1

For a long plate S.5. all sides,

K _ =14.,8
cr

e FA

2 2
t 6y (.-
Fcrel = KcrE (E) = 4,8(34.2x 10") ( ?033) = 12390psi
12

M.s. = l. 35

-1 + .37

e
2



PR O TR WA 3= 5

22.4 Lb/side

b’ = effactive

width
| 3 = 73 THICKNESS OF
cos 30

1 Doubler= ,015 in,

-—I b’ fes— Sidewall = ,0055 in.

.0205 in,

n2EI
or = ;4-—1? For a pin-ended column with shear along the
length, M = .53 (GAL S.M. B3.4k.Z1-1)
E=34.2x 106

#

L, = L(25.9) = 36.5%,
P M L2 . 2
1="c'z~r"—=3'6"%' 3) (131) _ 3,05 x 1078
n B n (34.2 x10)
b’ tomy
’
1= 15 For toymay, = -0205 IN, b~ = 042 IN
M,S, = AMPLE
C-2

) raz
m o5 el ¢
)
R A . P
it AREE LT e T R

e

g i‘ @ e
L R T R g Ny SR e e T L g e
- o WGy gt T

ey

£ E=

™1 L3

s




Face Sheet \\
t = 0051 r Doubler t = 015

N
o

armli.
N

Clip t = .04k

Condition A is critical, V= -ki.8 1b, limit.

Treat layup a8 @ besm of thickness of .0256 in.

w
Fagtener Head
L i D
by.8
2.4 .718 2.4

M=22.4 ;7&;_.;8 = 3.786 in 1b. limit

Use 2 times the head dia. for the effective width.

. 6M 6(3.786)
oo £ = = = ,45 610 pBi
b7 w?  2(.38) L2
Fty = Fcy =35 O psi
SO
¥ u3gzoy = -

Corrugation t = ,0055
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1,
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[+ %S - PR N . Be B BB ¢ LER a7 Bl R Sl

B

DESIGN CODITION
Condition P, (pe?) v(1b)
A =430 -4 .8
B 350 36.5
c 100 10.4
: D 50 5.2
*

* THEREMAL EXPANSION:

£1)

A=obTL = 9.7 x 10~ IN/IN/°F (2800-70) °F (20-1.3) IN

= 0,314 IN

(1) Refr 3-3

<




. e

Sn ]

N
5
<
H
'
¥

 &E &

EXPANS IN RIB

Between points A & B,
A= oATL = 9,7 x 1076 (1800-70)(1.5) = .0252 IN

Using the method of Castigliano and neglecting secondary deflections:

T

P> ( ——E055

[ ?

1 -
b =357 (.35014M + .01503P} = .0252

0 =5k [L.5M+ .01926P} = 0

P = y4.,7414 EI, M = -,01284P
Maximum moment at top of bead, M

M= P(.055) + M = ,19990 EI

£ = E=J3.7x106psi
Y =

f-’rmlﬁ‘l

3
bt
12(1-8)’
3

= .09099bt

6
e - 6(:19990) (13.7 x 10°) ( ogogont?)
b bt

= 1,495 x 1()6 t




It was chown thet for:

2 0034 IN/IN, the yleld stress was not exceeded, using e
’.s. “1015.

et

- w
Fap * T?' 1.15 40,500 psi

For ¢, .FALL, ALL

<o As long ss the web is < .027 IN,, thermel strain is not eritical.

¥sh Buckling - Cond B (Bef Pg C-3)

= 027 IN. -

V = 36.5% fcosn2® = 37.2F 1imat.
Assume web is symaetric sbout Z-Z end work one side for section proper-
ties, Treat 88 a pin-ended column with varying inertias. BRef. Timoshenko,

Half Section: *

"fheory of Elastic Stability”. .

i e
DbL_ L.lOba ""ibh‘*-

¥3
Section LN v, b, Y, b

1 .32 .3

2 .80 .32 .32 E

3 1.50 .55 :

4 1.50 .48

5 1,50 A Q
- 6 1,50 o3 '
) 7 97 .27 .15 B ]
. 8 .80 .20 .15
E 9 .62 .15
) 10 48 D 1



SECTION PROPERTIES

A=t [b +.02650Y, + (bs-t)] + Okk (b3+bh)

ax = ¢ 06825 1] + .5(bs-t)(b.)] - .000968 (byem,)

A€ =t [.oou538 0 .25(b5-t)\o5)2] + 0000213 (by+b)

I = (bb,) 1‘;_- + 0009158 B3 & + (b-t)3 5 + 33:2& (.okk)”
RV RS SN % S 4

Timoshenko's method invalves assuming a deflected shape for the column
and solving for the actual shape, The resultant shape is then used for the
new essumption and the process repeated. When the assumed and calculated
shapes are within scme tolerance, say 0.1%, at all sections, the critical
buckling loed can be calculated,

Because of the iteretive nature of the problem and the considerable num-
ber of arithmetic operations involved, a computer program, "Ribs" was written,
This program is presented on pages C-19 and C-20.

Several thicknesses were assumed, and the resvltant critical load curve
is presented in Figure C-1,

The flexible rib has an equivaient applied load of T4.U 1lb. limit
(104.2 1b ultimate) for a 3 inch section of web during condition B, The
required web thckness is less than 0.005 in (Ref., Fig. C-1)., The minimum

thickness was chosen as 0.008 in. due to handling and fabrication considere-

2
M.S.=E%-1=AMPLE

tions.

|




CRITICAL BUCKLING LOAD

WEB BUCKLING (Cont'd) F

cr
LOCAL BUCKLING - ‘ ‘ ‘ *
( Over arches between beads.) 4 '
1,20
b 1.2 _ _ .
s =155 T K, =22k GACS.M | \ *
35011011-2
t 2 k N\, Lower
For = Ko B (T) | /’ 1.5 \ Flange
= 2.24 (3h2x16)(40-9-8)2
) ’ 1.2 )
= 3405 psi
P . = 3405 (1.55) (.008) = 42,2 1b. UPFER CLIP
] 1= .5t
il ac s.m,
I 530

a

s R e I 2 R R = B e i e



Consider equivalent length:

2 : 2
T R
ae Pcr = Pcr ( L') haoz(.ss)
= 150.2 1b. 7
: u.s.ai-%%é-s-)--1=mm

_ : *36.51b1m'1t
N | %3%3'77 | —4 80 e
2.32.28 !

b,

K = 4,65 (GAC SM BS.11.40-1)

L3

. ¢ \2 l
r cr

c

= 165 (34.2 x 10° (ﬁg-‘i)a- 15000 pei

P__ =15900 (.8) (.008) = 101.8
er Ms =208 %9
¥+ = 1.1(36.5) .

SPANWISE THERMAL EXPANSION

A= .31k I DETAIL A

R = 1.88 IN clear between clips
RSIN 11° - RSIN ¢ = 2

0= 9.6o = ,168 radians

WEB \ M

Y L
.168

EAE Y R R AR R T T TG T e

.

C-9 N



SPANWISE THERMAL EXPANSION (Cont'd)

Detal A

o5 mrb-ﬁ‘i

.. _ GEIf . vt
..fbt-l‘;? and Inﬁ
SEXE ‘”"“%

At 1800°F, the allowable strein at yleld i 0.003% in/in. Using a factor

of safety of 1.15, the length, L is

0 _ .008 (.168
¢ { ,0034 )
215 2°1.15

L=

= .23 IN.

This dimension is required at both the top and bottom web/clip interfaces.
The accompanying sketch shows the extent of the 0.23 inch dimension fram the

edges of the clips., It can be seen that sufficlent clearance exists, except
at the bottom where it overlaps the beads "A". This letter situation is ceemed

to be acceptable since the beads are very shallow in this area.
CLIPS

The bending near "B" is across the
bendline so that the stiffness of

the bead is not a factor, Since a

congiderable amount of bending
BENDING REGION

material is still available (non-cvoss
hatched area) this analysis is con-

sidered to be quite conservative

C-10
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M= b48 (L3 )

=829 INLb

= ﬁ—gﬂ)—}.&

09.( oa‘h)
= 47580 psi

fty = S5 ksi

LOMER CLIF

.okl
i

s d ¥

A-A

o Sabb) 6,290 pet

o oe( 0w )2
= 55 ksi

M.S, = 000

Mélb linit |<-—5'¢'1—£ Ol

/////I///

R 3

“.S.=l.l 7 -l=.00

* 89.6 LB (COHD A) ’

\ 73 LB (CORD B) f

INSULATOR

-1=-03

1.15 90

C-11



= 55 ks
Fty 55. 1\
EDED RIB
CONDITION
A
B
c
D

LATERAL THERMAL EXPANSION

See flexible rib analysis,

ALL

73 LB

N0
v 085
6(6.21) " _ ;‘579(1 - —F

R
INSULATING t
WASHER
M.S. = 73550y L = -
_TTSIGN CORDITIONS
Pp(psf) V(1b.)
","'30 -8906
350 73.0
100 20.8
50 10.L

< 0.027 IN (Ref. Pg. C-6)

C-12
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I ¥ Al oL
lIl H oo - € < . :
o e STt o . " P
. Ll D PR [ .
! &, " o, .
LI L \

YEB BUCKLING
Equivalent applied load = 2V

2V = 2{73) = 146 1b. Limit
= 204.4 1b WT,

For t = ,008, Pcr = 250 1b (Ref, Fig. C-1)

M.S. = 35800 - 1 = .22

Buckling over arches, P = 150.2 1b (Ref. Pg. C-8)

150.2 _
M.S. = 7.0 -1 = L6

Buckling between beads

Pcr = 101,8 1b (Ref. Fg. C-8)

. 101.8
4.8, = T.L073) -1 = .00
- £ ——D
COND. A. critical, }\ e N +
A% =4 X +
V= 8.6 1b limt -31—"" e {lll<€ 2 .olk
L' = .88-.31 = .57 IN,
* SIIITIXY)
PL’ _29.6 (. 89.6 LB
M = T 9 . A-A L._osl‘
- €38 IV
'd—L’—ar{
y N
- 7 N -
6M 6(6.38) \
f = = J . 7 I
DT o sk (.ob) N
89.6 LB

= 36,640 psi

.C-13



UPPER CLIPS: (Cont'd)

= = wo - =
Fty 55 ksi M,8. ﬁ?ﬁwﬁ l=,30

(comp. B)
i
M= 4k.8(.132) = 5.91 I}# QL Mo La
o .- EM 6(5,91) t" ;
"3 "= = 33940 psi 3t=.1321n &
Y pt® su(.ouk)?
. L
M.S. = ﬁ%ﬁy -1l = %0
* 2(89.6) = 179.2 LB
LMER CLIPS
(com. a) .
31
Ll = t?l"o31 = oh3 L~ Ti/\F-

,,_;rg;.m%um 89.6LB* A e '89.6LB

- 9.63 i Tm
- 1 > I e
m A=A
M _ _ 6(9.63)
W2 .63 (W)
= 47380 pei M.S, = 1150073 -1=,00
Fty = 55 kai
= ,132
(conp, B) * (! .""3t 3
M= 73(.132) = 0.64 TN 473 LB

6(9,64 0
£ = ——‘9-—15 = 47400 M.§, = —i%}-u—)- <l = ,00
b 63(.0uk) 1.15 (4700

C~14 m ..
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RBAC BBACKRL:

The load P ig reversible

and is csused by mechani-
cally induced vibretion:

DESIGN "G" LEVEL:

Ref: MC 621-005, Rev. D, "Wing/Structure, Subsystems, Techrical Require-

ments for". Paragraph 3.2.5.2 Flight Enviromment
K. Vibration
1., Random Vibration

ii, Orbiter Main Engine Burn

f = .15
Worst Case

w = 2000 Hz

g=Y—1— q = magnification factor, taken as 10

(typical for secondary structure)

=J.1 2000) (10

= 27,4 === Use 30 g's
STRUCTURE WEIGHT:

Panel plus upper clips
Wt = (.875 + ,04l0 + ,0386) 1b/rt2

= ,9576 1b/r|;2

C-15




Drag brackets are spaced every 40 inches streumrise and every 12 inches

laterelly
A= 12lho =31/3 ot
1
P=gWA =230 (.9576) (3 1/2) = + 95.8 1b. limit.,
BRACKET
WES SHEAR:
75—
% (95'8) # - r-
q == 63.9" /IN — ’
1
1
5 (94.8)(2.75)
2 \ 4 2.75
. Y% = T - 326/
% q
. 3.8 éz.zg)_{.m - 2
q3 1. 2.75) lf.Q#/IN . 4
- 3
63. -
e -

SHEAR BUCKLING,

1,46 .
= 2.75 7 .3

Kcr = 5.9 (GAC SM. Bs.no]-a-l)

a
Assume 5

£ 2
Forel = Kcr E (3)

2
= 5.9 (34.2 x 10°) (f%%) = 21300 pei

21300
M.S.=rnp%66’-l=AMPLE

C-16

0 O B B/

G
L 5
' T T ror YT 37 Pt AN
RIS T e T T R T L T NPT DY
AN T i s Lt s s, . A, q PR L T S LA o8
5 o e (I S TR RRUL PR P TN AP ety et milhiEd
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OVERALL BENDING.

2 3
1, 2 Gotas) (B8) + § Casiem®)

= 005% mh

M = 95.8(2.45) = 234.7 m# ﬂ i * ) 9?50_
» \_._E \

e

"

P
:‘oa\

"

.3
b
B
g
i

A-A (Pg C-14)
FLANGE BUCKLING:
- KE (3)2 K = .38% GAC SM B5.11.11-1
l;‘crtal - v
012
= 11820 psi oo
M.S. = l_.%lm;(ﬁ -1 = bb
S
M
M = 95.8 (2.75) = 263.5 IN#

4

2 leuos
1l 09/ L_l.3‘—ﬂ
2.he )
3 Pl('.95) La. 5

2(.95) + P(2.3) + P(2.45) = M

P 29.1#
: #
B, = 39.9

P, = 75.1#
#

p=p(.1.=2 *P3 ip —ipl '*P

g
W

3
P = 1iL,1

_

B

|

8

8

|

i

B :
. s e eadh) (25
g

2

B

|

B

|

|

|

g

C-117
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VPRI

BENDING WP3

Ol
=751 (.25 - -gl)- 7,131 __| r_ 1
\
EFFECTIVE WIDTH = .63 IN. N—<p,
—t 25 bm—
6(3)
6 ]
£ = — = __ﬂ,.lé.l,- = 35070 psi
b bt .63(.0hk)
F,, =55 ksi M.S. = ﬁ% -1 =.36
BERDING AT P
2t = .088 1IN,
M« 144.1(.088) = 12.68 T
EFFECTIVE WIDTH = .85 IN.
6M g12.68; . #
f = = = !&6230 psi F= lhll.l
b 52 .85(.0M)
Fy, = 55 kst M.S. = ;72 g50y L = -O3
UPPER CLIP
A==t
COND., A critical
V= Mce# ‘ v * v

M= U448 {224 % ) = 2,91 IN# W
6M 6(2.91 v v
f ===
b~ 2 .&(. ) ——t o
r"B
= 14320 ps. "—é

= .31——'
Fty = 55 ksi tB

A-h *hu.a#

—‘—I & I:E.o!m
BB M.S. = TT3(xh3z0) b = AMPLE

C-18
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RI8S Computer Program for Support-fib Optimizstion

rEAL LI, 10 mR{20),0022)
PINESSION YC2,22),8(29,5),9(26), TEMPL(2Y), X (20),F(20)

Pt = 5,1413%

T =

AEAF

24,2 (10U), ) w22
(t,¢) NIF, 171

YRITE(D, )
YPRITE(C, ) 1, LT

HP

= 'p

M1 J = 1,1

PEADCL, 1Y FON, (R0, 1),0=1,5)

17 (J.07,1) B = 1,/72./7%0P

1F (J,"%.1) E(J) = F(J=3) « 1./ynP
YRITECC,1) FCO), (N0, 1),1=1,5)

} CONT
5 COUT

1.en
| PNALS

RITECw, )

RTAR(S,15 7

IF (T.LZ, 0,) &7 T Lun
URITF(G,u)
FOPMAT(L", /402, "370TIO PPOPERTIES, A LAY AN2,Y1N,INER(S)Y, /)

no 2

AY =

B d o= 3,

A= T=(0(0,1)+,02065%7(3,2) + P(J,5) = T) + 0h4x(P(y,3) + B(J,4))

1,02050%, (OCLC=T(J,2) %x2
+ (")(-I,J)-T)*T*("(J.3)/2;)
- OB ((,3) + °{J,04))%,022

V2 o= 1,026u5+08(.),2)2T+(,00CL9%8(J,2))*e2

+ (P04,5) = TI*T=("(.,5)/2,)%»2

+ L0bax(n(d,3) ¢ R(J,8))2(.022) %2

s (N(J,1) - (J,2))712,2T=3

+ L 315015/1030,%0%(J,2)*x3T
¢ T+(FP(J,5)=-T)xs3712,

+ (N(J,3) + °(J,80)/12.%(, 045 »=3

PHTR(S) = (AN2 + NN = AVe22/8) 7,
YRITOAL,2) I3, A AN2, 1, nen(y)
Y(1,0) = S100(P1«=(0))

X

2 | "xF ()

couTiun

TOT1
T07.
LI

T,

= :\‘

vl o= §,uP

TEHNPICS) = Y(1,4)/1'157 ()

TOT1
TOV?2
UREY

= TITL & Tl (J)
= TOT2 & TO0C10N#5(J)
£(G,e) J,TFEN1(J),TOTL,TOV2

CONTI

J =
v(l)
(1)

1
= TOTl - 7072
= V(1)*:2(1)

Cc-19

REPRODUCIBILITY
ORIGINAL PAGE Isol_f:)r)p



40

50

60

70
80

90
100

110

1

2

3

4

5

3

499

EOF:

-
o

PO 4O J = 2,np

V(J) = V(J=1) - TEMP1(J=1)

M(J) = V() 2(X(J)=X(J=1)) ¢ M(J-1)
CONTIUE

col = 0,

DO 50 J = 1,NP

IFQCY) AT, CO'1) €O = n(J)

COuTINUS

DO GO J = 1,HP

Y(2,8) = 11(J) /00

CONT INUE

DO 70 4 = 1,npP

IF(ATS(Y(1,J)/Y(2,4) - 1.) .CT. 0,001) GO To 80
CONTINUE

GO T0 120

CONT 14UE

DO %30 J = 1,NP

Y(1,9) = ¥(2,4)

CONTI'UE

GO TO 25

CONTI NUE

WRITE(S5,9)

FORMAT(2X,/10%,%'y IMEP(J) TEMPL VY M Y1 Y2 PCRITY,/)
DO 110 J = 1,nP

XNP = NP

P = Y(1,J)/"(J)*E/(LEN/XNP)

WRITE(6,3) J,INEP(J), TENPI(JI),V(J),N(I),Y(2,J),Y(2,4),P
CONT1IIUE

GO TO 15

FORMAT (1uF38,3)

FORMAT(18,6E14,6)

FORMAT(13,6E14,6,F10,2)
FORMAT(2X,///7,10X, "tHIAT IS THICKNESS?',//)
FORMAT(2X,/7/)

FORMAT(15,9F10.5)

CALL EXIT

END

C-20
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APPENDIX D
Detajl Styess Anslysis - Rene’ k1 TPS

The detail stress analysis of the Rene’ 41 therms) protection system is
given in the following peges. Included is the analysis for the surface penel
to rib/standoff upper and lower attachments, the rib/standoff design amalysis,

the drag bracket analysis, and the effect of panel spamwise thermal expansion.
PANEL/RIB § ATTACHVENT ANALYSIS

Meximmn Shear Load, V

vaé—p PR2=%'- (1.5) P (20) =15 P

(PR in psi)
CONDITION* P (LB/FTP) v (LB.)
A =130 -1} .8 LIMIT
B 350 36.5 LIMIT
o 100 10.4 LIMIT
D 50 5.2 LIMIT

CORRUGATION SIDEWALL BUCKLING

Bach wall carries % V = 22.4 1b. max. (COND. A)

£ = i = 22 o 7250 pei
s - nt - .53% (.0070) s
For a long plate S.S. all sigdes 22.4h
22.4 1
Kog = 4.8

t = .0071

D-1



COREUGATTOM SIDEWALL BUCKLING (Cont'd)

2 2
t 6y [
Forms, = Ko B (5) = 48 (31.6 x 10°) (55) = 40400 pex

40400
M.S. 81—.1'—-(?—2?0-)— -1l = AMPLE

‘22 Au#/SIDE
,l

(____, b' = EFFECTIVE

WIDTH

Y

= 25.9# THICKNESS OF:

Sidewall .00T1

A ! Doubler  .00T3
—.% - 502
1 cos30° ~ ° .01k
P, = 1.4(25.9) = 36.6# required
2EI
Pcr =1 3 For a pin-ended column with shear along the length,
ML

M= .53 (GAC SM B3.hk. 31-1)

E =3l.6x106 psi
P M o 2 45 x 1079
Is—T-—a 2 = = = 15,545 x 10
n B " (31.6x10)
1.3
bt
1 lsz for tTOT = 014k
b’ = ,062 IN

M.S. = AMPLE

D-2
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BEPNDING OF FLAT BENDS .

=

DOUBLE
# (t=.0(1;73)

CLIP, ¢ = .030

——p |

COND. A is critical, V = -L4,8 1b limit

Treat layur #s a beam of thickness = .0217 IN.

—"l !F—_'_”
FASTENER
HEAD
M= 22.4 -1%3& 20 4 | b 1.8 ' 2.4

.T18

= k,57 IN LBS

Use (2) times head diameter for the effective width.

. 6M 6(4.57)

SR =g = — = 93900 psi
b w? 2(.30)(.0217)°

Fyy = 127 851

000
M.8. = TT5(93900) * = M7

D-3
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SLEXIELE RIB
DESIGN CONDITIONS (Ref. Pg. D-1)

COND. P, (psf) v(1b)
A =430 -4%.8
B 350 36.5
c 100 10.4
D 50 5.2
¥*

+ THERMAL EXPANSION:

1)

1
A = aATL = 8.5 x 10~ (1600-70) (20-.88)

= 249 IN

(1) BREF 3-3

1'6h
FLEX RIB 1

R T, T
R N L ]

AT

Y
,?«‘,

D-4 [] F;



S’ Between points A & B, A = abTL
R ¥
’s ‘ - 8.6 x 10 (1600-70) (1.5)
Conservative
= ,0197 IN
Using the same method as for the '

.04
-
N

skin beads. M

=

S.p=1.20, b = .40 L USE .40
FOR SYMMETRY
P = EIa (2374.863)
M = EIA (35.778)
At top of bead, M=P-M
= EIA [2374.863(.04) - 35.778]
= EI4 (59.217)
E=17.7 x 10° psi @ 1600°F
3
1= 2t Y=.31
12(1-¥)
3 )
. 6 |17.7 x 208 x Bt 5 x 0097 (59.217) :
e =2 SM 12(1-31) '
=x = 2 = 3
Ebt (17.7 x 107) bt
= 6453t t = 0065 IN
= ,0042 IN/IN

D-6
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The 0.2% offset strain (yleld stress) at 1600°F is: (°y = 58000 pei)

¢ = .002 +-m—6 = ,0053 IN/IN

17.7 x 10

The margin against exceeding the yield stress at 1600°F is:

.00
M.S. = 735 (.ooha) 1 = -9

WEB BUCKLING - COND. B (Rcf. Pg. D-k)
V= 36.5# Jcos 14° = 37.6 1b limit (COND. B)

GENERAL INSTABILI TY

Assupe web is syrmeiric about Z-Z and work one side for
section properties. Treat as a pin-ended column with vary-

ing inertia. (Ref. Timoshenko, "Theory cf Elastic Stability.")

[

HALF-SECTION: - b,
NOTE: THIS BEAD ——— m _J_'[
NEGLECTED FOR 4

GENERAL INSTABILITY L., k)

e b, by LoC by b, by

1 1n .98 .31 .15

2 12 .88 .28 .15

3 .83 13 82 .26 .15

4 1,22 14 ST7 24 A1

5 1.5 RS 15 o 73 .20 07

6 1.5 Ay 16 .68

7 1.5 41 7 «50

8 1.5 .38 18 .48

9 1.5 .36 19
Eo 1.17 .3k .09 20
‘g’.‘

D-6
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SECTION PROPERTIES
A=t 'bl + ,02645 b, + (b3-t)]
L

2
A =t L.06325 by + .5 (b3 -t) (b3)]

2 3 2
A =t b.ooh538 vy + .25 (b ~t) (by) ]

3
1, = (b-b,) 5 + .0009158 bt + (bs-t)3 (%)

§=Ax/A; INA=A12+I00-A§2

Timoshenko's method involves assuming a deflected shape for the column and
solving for the actual shape. The resultant shape is then used for new assump-
tion and the process is repeated. When the assumed and actual shapes are with-
in same tolerance, say 0.1%, at all sections, the critical buckling load can
be calculated. .

Because of the iterative nature of the problem and the considerable number
of arithmetic operations involved, the "RIBS" computer program (Ref. Appendix
~, pg C-19 & C-20) was modified to solve for the Rene' allowable loads. Several
thicknesses were assumed, and the resulting critical load curves are presented
in Figure D-1.

The flexible rib has an equivalent applied load of 75.2 1b limit (105.3 1b
ultimate) for & 3 inch section of web during COND, B. The allowable load for
t = .0065 IN is 222 Lb, (Fig. D-1)

M.S. = joms -1 = 1.10
LOCAL BUCKLING “H“J‘
Over arches between beads, 1 ‘ r f
.o, K, =335 ot 1.55 —at 6
2 L b

. )
Fcrel Kcr E (b

= 1,15 (31.6 x 106) (%22 )2

= 4260 psi
P.= 4260 (1.55)(.0065) = 43,0 1b




1200

1000 ==

Loo =+

CRITICAL BUCKLING LOAD (LB.)
+

7

/ A\- Fixed Rib

7
v
v

Flex Rit

20\', -4
105.3 reg'd.
C 4 4 4 '
004 .005 .006 00T

RIB THICKNESS. ty (in)

.008

FIGURE D-1 - GENERAL INSTABILITY, CRITICAL LOAD VS. RIB THICKNESS

p—

b

} pm p
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WEB BUCKLING (Continued)

Equivalent Length - Due to Shear:

L 2

R (—;-) = 153.0 1b.

L

BUCKLING BEIWFEN ARCHES.

(Small bead added, B
Local Buckling)

f"“’“T

-25 A A
A= (.35 + .28932)t
A = (.28932t) (.040985)
A2 = (.28932t) (.0k0g85)°

Ioo = 10010226t

to prevent

2 2
I =0 ¥ 8 - (Ax) /A

= .36832x00" 3¢ ,

72EI

t = .0065, ... I = 2.391uuo"6

N

IN

CR 5 Neglecting any support along the long edges

p _ 2(31.6:00%)(2, 30ux1076)

(1.55)

= 311 1lb,

D-9

11,
37.

-1 = AMPLE
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SEAINISE THERMAL EXPANSION

A = 249 IN (Ref. Pg, D-4)

R = 1,32 IN betweea clips

el vl ol

RSIN 14° - RSIN (14-8)° = .2L9 IN

8 = 10,.9° = .191 rad

£

M. 6M
Oaﬁ&fba—-i
3
. 6EI0 & I = £& ANM 8 :
“fb-—? 12 N
Lbt

o]
#
\ =
[
=

b 2L

f-m&gafb A\[
6

.‘oe 2 37 DETAIL B

THE ALLOWABLE STRAIN TO PREVENT YIELDING,

At 1600°F = 002 + =220 o = 0053 e

17.7 % 10 CRIT.
A T0°F = .002 + =20 . o0y 8
31.6 x 10
f
20053 _ +0065(.191) o an g
_231.15 3% L = .175 IN. [

Thic dimension (.135 IN,) is required at both the top and bottom weo/clip

4" Mot
[T
¢

él

ALY

TRl A

interfaces, so that at lesst this much wel is free to deflect and bend, A

Y U R S Y P
A AT :

oL
RN

review of the assembly drawing shows that this criterion can be achieved
FLEXIELE RIB-UFPER CLIP r——*-r—— 3

COND A Criticel* ,

Ma 44,8 (.34 -:2-1-) —-—-l !—-—~.31
= 8,29 IN 1b, A‘J

: o 023, s ;o
o . . '5

—

e g e
R .

t s %
i hatlialys

3

2

=
c ol e

= 102,300 psi .;\-A!‘ ’

(008 [

r=

D-10

—— —
L .
B




FLEXIBLE RIB-UPPER CLIP (Continued)

Fty = 127 ksai

FLEXISLE RIB - LOWER CLIP

COND, A*
M- 89,6 2[2=38
. 16l
b b .96(:030)
= 99580 psi
Fty = 127 ksi
COND. B*

*Ref. Pg. D-L

M.S.

INSULATING
WASHER

D-11

——I .090
! ul
' 42
127000
1.15 (104290 1=.,05
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DESIGN CONDITIONS*
CONDITION Py (pst) v(1b.)
.
A =430 -89.6 E
B 350 73.0 E‘
c 160 20.8
D 50 10.4 g; b
%Ref, Pg. D-lU, Values of V are double flexible rib values. @
LATERAL THERMAL FXPANSION
See Flexible Rib Analysis, page D-5 E\‘J
WEB BUCKLING - General Instability
Equivalent Applied Load = 2V for 3" width B ]
2V = 2(73.0) = 146 1b. limit 3 b
= 204.4 1b ult. 4
For t = .0065, P,y = 970 1b, (Ref. Fig. D-1) g; .

M.S. = 5300 -1 = AMPLE EH

Buckling Over Arches; P, = 153.0 1b (Ref, Pg. D-8)

—

| SO

e
hn LN

M.S, = T30 -1 = .4
Buckling Between Arches; P = 311. 1b (Ref. Pg. D-8) D .
"5 311
M.S. = 1.!i173.05 ‘1 - AMPI‘E

D-12
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A i

RIB - CLIPS
CONDITION A Critical¥

V=289.,61b limit*

;' = .88-.31 = .57 IN.

-6.3e 't
&M 6(6.38)
f = =
b7 2 L5u(.030)°
= 78810 psi
Fty = 127 ksi

CONDITION B, V = 73.0 1b.*

M = 36.5(.09) = 3.29 IN 1b.

fb=—6%= 6(3.2 .
bt™  .54(.03)
= 40,560 psi
Fty = 127 ksi

* Ref. Pg, D-1T

b9.6#

_ 127000
M.S. = 1735 (78810)

1L§'r°= 3.5 1b.

"—3t=.0901n

b

127000 _
M.S. + Terlosgoy -1 = AMPLE

-1 =,k

D-13



JIXED RIB - LOWER CLIP
CONDITION A, V = 2(89.6)*

= 179.2 1b.

L = J74-.30 = .43

M- %_' - 1192 .43)

= 9.63 IH#

&M 6(9.63)
f = =
b7 b®  .63(.030)
= 101900 psi

FTY = 127 ksi

CONDITION B, V = 2(73.0) = 1ho 1b.*

M = 73.00.00) = 6.57 IN'

o o8 6(6.57)

b m? L 63(.03)°

My = 127 kei

*Ref, Pg, D-I1

= 69520 psi

T
Nl
L
%

*
w0
]
-
SR
218
o
]
-
i
%
e !

E".

D-14
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DRAG BRACKET

The load P is reversible anl is
caused by mechanically induced
Abration:

"g" loeding: 30 g's

(Ref. Appendix C pg. C-i%)

¥eight of penel plus
U, per Clips = .792 + .02618 + .02291
= 84109 1b/n'2
Drag brackets are spaced every 4O inches streamvise and every 12 inches lat-

erally.

. Lo x i2
S P=g WA= 3)(.81109) (——1,;5-—) = 84,1 1b.

WEB SHEAR —.T TS e
Beu.1) a1 ¥
§ == = %1 #/18 / 1 |
q
$8k.1)(2.15) )qa 21 2.15
% = FTaxTee - 288 4/m ;e
—

28,8 (2.15)(. - '
oG s e

q
2361 | ea,
f.= % = %1 - 1680 psi

BUCKLING OF WEB

a _ 1,46 _
Assume PR »53

Kcr = 5.9 GAC S.M, B5.11,12-1

2 2
t 6y f.012
Fcrel = Kcr E (-s) = 5,9 (31.6 x 10 )(_TG)

= 12 b
2w MS. = ;3 ey <1 = R

D-156




RBAG BRACKET (Conmtimued)
OVERALL BENDING _

2
.012 3 2.68
1, =53 (2.68) +2(.5x.012)(—2--) .

= 0408 IN' 4
.50 |
M=841(1.81) = 15,2 m.#
X
2.68—

MC  152.2 (%)
T =T = —ohof — = 000 pei

GAC Structures Manual
cr ° Bs.11.11-1

% 2
li.crelsxf:rn ('t':')

= .38% (31.6 x 10°) (;.;2)2

= 6990 psi 1
M.S. =173 Esooo) -1l =.00
LOWER CLIP

M= 84.1% (2.15) = 180.8 IN'
* Ref. Pg, D-1% . .

Y (1_3) L e
Py=P (%52)

P)(.95) + B, (1.3) + Py (2.L5) = M
P, = 20,0}
P, = 27.3
Py = 5154

P = 98,8#

D-16
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DRAG BRACKET (Continued)

LOWER CLIP (Continued) ’ 51.5#
BENDING THROUGH P, 1

M= 51,5 (.25-%)31.,893# @.31
ffective width = .63 l
.25

PR R - L) E

® w63 (.03)°
Fty = 127 ksi 127000
M.5. = Tisfarrsny 1 = AMPLE
BENDING AT P. ‘98.8#
M= 98.8 (.09) = 8.89 IN
&M 6 (8 3t = .09
f, = =5 = =224 = 9U0T0 psi -
b ;;? .63 (.03) L
oo
127000
M.S. =135 35130705 -1=.17
D-17
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i1 ¢

DRAG BRACKET (Continued)

JERER CLIR
(Condition A Critical)

Va §%=§ - bh.8 (Ref. Pg. D-11).

M= L4148 (,22- %1-)= 2.91 IN

fb=%"‘6‘@ﬂ)’é’

ot-  .63(.03)

= 30810 psi

Fty = 127 ksi

127000
M.S. = 1.15 2308105 -1 = AMPLE

D-18
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APPENDIX E

HAYNES 188 TPS PRODUCTION DRAWINGS

The Haymes 188 TPS test specimen production drawings are given,
including:

AD1001~100 Test Specimen - Final Assembly
AD1001-101 Skin - Details and Assembly

AD1001-102 Support Ribs - Details and Assembly
AD1001-103 Insulation System -~ Details and Assembly
AD1001-104 Support Structur. azgembly

AD1001-105 Insulation S»-: -er-

AD1001~-106 Fairings and ..aa Seals - Details
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APPENDIX F
RENE' 41 TPS PRODUCTION DRAWINGS

The Rene' 41 TPS test specimen production drawings are given,
including:

AD1001-300 Test Specimen Finasl Assembly
AD1001-301 Skin - Details and Assembly
AD1001-302 Support Ribs - Details and Assembly
AD1001-303 Insulation System Details and Assembly
AD1001-304 Support Structure Assembly

AD1001-306 Fairings and End Seal Details
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APPENDIX G

insulation System - Rediation Barriers
Analysis

The use of metal foil radiation barriers was considered to increase
the insulation system efficiency by reducing heat ! _ansmission by radiation.
The snalytical evaluation is presented on the following pages.

An evaluation of the memner in which heat is transmitted through low
density fibrous insulations indicates that at temperatures above 811K (1000°F)
the majority ¢’ the heat transmission is by radiation., The two points in
Fig. L of Ref. L-7 illusirates this effect vividly. The racdiatior compcnent
is a function of the cube of the absolute temperature., Therefore it appears
attractive to attempt to reduce the radiation component to affect a reduction
of the apparent thermal conductivity of the inswlation st elevated tempera-
tures., Various methods have been proposed to accomplish this, such as in-
creasing the back scattering crous section by reducing fiber diameter, add-
ind pacifiers, rsnd modifying the em.;sivity of the fibers. These methods
vere out of the scope of this program The =pisoach investigated here in-
volves the use of metal foils to block radiation transfer such as has been

successfully done in multiple foll cryogenic insulations.

The evaluation was entirely aenalytical., To detevmine the effect of the
foil the three main components of heat transnission through the insulation
are assumed to act independently of each other, These components are;
solid particle conduction, zaseous conduetion, and internsl radiation, For

low density p < 64 kg/m3 (4,0 1bm/ft3) insulations at high temperatures the
solid conduction component is very small compared to thr gaseous and radiation

components, The solid conduction component can be determined by subtracting

the gaseous and radiation component from existing measured data which contains
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all three components. The gaseous component can be evaluated by methods

presented in Ref. G-1 and G-2.

The gasecus conductivity is
d
ke = %6, Y, I, (54 o ) Bqua. (1)
vhere A = constant depending on gas

p = density of gas
C_ = specific heat at constant volume

V_ = one molecular velocity

L = mean free path of gas molecule

@ = distance between fibers
R p
a=— g Equa. (2)
P
i
vhere R = fiber diameter
Py = insulation density
Pg = fiber material density

These equations basically state that the gaseous conduction camponent is
dependent on gas pressure and fiber size for low density insulation.

The radiation comporent is determined by methods presented in Ref. 4-T and
is given by the approximate equation

ucTM3
k. = —f Equa. (3)

r

vhere o Stephan Bolzman constant

TM = mean absolute temperature

=
n

back scattering cross section

)

— IR R~
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Ja_ves for N, the back scattering croes section, are given in Ref. 4.7 and are
show- in Fig. G-1. Exsmination of the equation for the radiation component
cugs :sts that N is the inverse of the overall effective emissivity (‘EFF)

throught. the insulation from the hot face to the cold facs. That is,

X, = bep o'rM5 Equa. (k)

From the radistion transmission standpcint the insulation can be thought of

i
B

as a series of surfaces analogous to a multiple foil system, The ‘EFF for a

series of layers is

I (a'-?)slm_.ﬁ Equa. (5)

where m = rimber of layers per unit thickness

¢ = emigsgivity of layer

By assuming that the addition of metal rediation foils is analogous teo

b
merely adding more surface to thoce already existing in the insulation u new

effective emissivity ¢ppp can be computed to determine the reduction in the

rediation component when metal foils cre added. From equa, (5).

B o

m m +1 Equa. (6)
. Assume . = number of metal foils per wit thickness

! [
l SEFF = (2<¢) (n * m-1) Equa. (7)
. Combining equations (6) and (7) and assuming that it is computed on the basis
of the emissivity of the metal foils.

B
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Therefore the rediation component with n metal foils per unit thickness can be

expressed as

b oen oT.3
kr= eEE'E‘('TM
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Figure G-1. — Backscattering cross ssction vs temperature for fibrous insulation (ref. 4-7)
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APPENDIX H
THERMOCOUPLE NUMBER AND LOCATION

A correlation of thermocouple number and location is given. Table
H-1 lists the number and location. Figure H-1 gives the coding system

employed.
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1-10
210
3-10
310
310
30
« 10
3.10
3-10
4.10
4-10
410
5-10
31
311
312
512
3-12
312
313

Insutation at 2 — test panel
Insulation at 1%" — test pene}
Insulation at 1” — tyst pansl
Insulation at %'’ — test panel

Edge seal — test panel
Skin — test panel
Skin — test panel

Corrugation bottom — test panei-

Insulation at 2°° — test penel
Insulation at 1%" — test pansl
Insulation at 1" — test panel
Insulation at %" — test panel
Heat sink — test pansl

Skin ~ test pane!

Corrugetion bottom — test panel
Heat sink - test panel

Edge seal — test pansl

Skin — test pane!

Corrugation bottom — test pans!
Skin — test panel

Clip — test pans!

Standoff web — test panel

Heat sink — test pangl

Edge seal — test panel

tJno. Row-eo) Lecetien (Fig. H-1) Type
1 319 Edge seal — fairing pans!
2 32 Skin — fairing panel
3 32 Clip — fairing panel
q 3.2 Standoff web fairing penel
5 32 Heat sink — fairing pansl
[ 23 Skin — fairing pansi
7 33 Skin — fairing pansl
8 43 Skin — fairing panel
) 34 Clip ~ fairing panel
10 34 Standoff web — fairing panel
1 34 Meat sink — fairing panel
12 25 Skin — fairing panel
13 35 Skin — fairing penel
14 45 Skin — foiring pansl
1% 45 Clip — fairing pane!
16 4.5 Standoff wab — fgiring panel
17 45 Heat sink — fairing pane!
18 28 Skin — test pansl
19 38 Skin — test panel
20 48 Skin — test panel
n 2-7 Skin — test panel
27 Clip — test panel
2.7
27
37
4.7
38
38

Ceramo
Ceramo
Ceramo
Fiberglass
Ceramo
Ceramo
Fiberglass
Ceramo
Cersmo
Ceramo
Ceramo
Ceramo
Ceramo
Fiberglass
Ceramo

2217-69W

R

e

P e




jouved 1891
14} b4}

MOL-L12Z
|eued Buine4
i oL ﬂ g L9 S ¥ € Z 1 - "
: B
- =
- 2
JUIR =
- e - = O O Ognands —— = v mmn..
- I i 25
: _ - - 2
| - — e O
- . - . o
yoguso ) - - - ==
ot - - DO U - —
T @ ﬂu Y ® ® O—-c¢
. —
- i
| - o _
'
T B ! B |
- - t - |
: N
—{ z
- 1] — .
_ RN _ _ ”
*S{INOI0LLS 0 3u10d BuRUNOW 108%e 10§ |-H 8iqe WS ]
.838_8588.%30::““”0 Aypuend s81821pu} 812410 8PISUL Jsqatsy 0N ;bou

_ s ANEER SIS WL




U aw

= i,

e g

TR ATIA doalat (a  rdridh 1 B

APPENDIX 1
SUPPORT STRICTUBAL - DETAIL STRESS ANALYSIS

The TPS test articlie support structure detail strees analysis is presented

on the following pages.
test gpecimens are identical.

The support structur: for the Haynes 188 end Rene' Ll

SUPPORT STRUCTURE (DWG, AD1O01-104)

Besn (2) 1s critical

( PART AD1001-13L-27)
2125
(2024-76 MAT'L)
Fy, = O ki y
Fty = 50 ksi 6 ‘
E.r = 10.7 x 10" psi ) 4*
6 . Y
E, =10.9 x 10 pei
1TEM b h A Y AY AP I
1 | 2(.21875 JJd2s ],054688 | .0625 | .003418 | .00021% | .0000T2
2 - - .099709 | 1.854LL | .18Lg0k .342894 | 000660
3 | 2(.125) 1.4375 1.359375 | 1.00 .359375 | .350475 | .061885
L L6875 .25 }.085938 | 1.9275 | .16650% | .322601 | .000012
5 - - 'W 01”’556 .01’451‘\\ .002113 .000660
b 699419 J728715 | 1.,027197 | .063388

% 2—&‘5 = 1.,04189 IN

2
INA.mx + 7

00

<oA% 2. .3323% IN

4




SUPPORT STRLCTURE (Continued)

Besm (2) (Continued) W /.

;lgl(t{}}l

i‘ -23.625 ~————~+

F

R & + 2000
¥= 1T [_'L"""e ]

Pp = 350 psf (LIMIT)*

W = 30.5 #/IN

2 2
M= !I‘S— = §9_°u.2§£2. = 2755 IN# at mid-spen

Mx_ _ 2755 (1.04189) _
fb am- 3313 8“0}51

Fty = 50 ksi

F.8, = 1,15

M.S, = -1 = AMPLE

1.15

DEFLECTION AT MID-SPAN

3 3
&,3&"% _ﬂﬁﬁ;ﬁ)ﬁﬁﬁéﬂ_—=_o&m

30k (10.7 x 10°)(.33134)
Be @ sees no load

am
Beams 3 & .4, are the same, with beam 4 being more highly loaded.

1 3 3 — 2,0 —
Iia = 12[2.(.’:‘) - 1.875(1.74) ] ;

= L9959 INI‘

F
R [ao.ov
Wa m —-—2 + 1.75]

Pp = 350 psf W #/IN,
Ly

*‘——23.625 ————“

*Maximum positive airload. The maximum pressure in the TPSTF is .025

W = 28,6 LBS/IN

atmospheres or 52.9 psf

I-2

m
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SUPPORT STRUCTURE (Continued)

2 2
M= -‘%‘— = MES—'-&-Q-L = 1990 IN LBS (Mid-Span)

SRR S gt

&

M _ 1990 (1.0; 5
rbams%l-=&020psi ;}5
e

-1 = s

M.S8. T.15(Lo20 1 = AMPLE 4,

SHEAR CLIPS (DWG AD1001-104-19)

Max. shear occurs on beam @

- WL 39.5(23.625) _ 1¢6.6 LES per end

2 2
V/2 = 233.3 LBS per clip.
233.3
233.3 ‘ 233.3
4 {. i
283.5 T ] 15706 '
N, + —‘r "! '
I 233.3 - BEND 233.3 .
62 4 - LINE _’: .716 3
1 ‘ 157.6’ ' t
N At
283,5 4

- .ueL 0w .50 - |

Upper left fastener has highest load
Resultant = 457.2 1b,
Fastener Shear Allowable:

4420 1b, min (Ref. 16)

M.S. = 3 75y = -1 = AMPLE
Beoring: 457.2 _
£y = .1252.1905 = 19250 psi
Fom 78 ksi (Ref 16) 78000

"5 = T35 (gesey 1 T AMTLE



