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.FOREWORD

Howard K. Larson

e
One of the critical technology needs of the Space Shuttle is develop-
ment of a reusable thermal protection system (TPS). The baseline
material for a large part of the shuttle TPS is now reusable surface
insulation (RSI). Because of the rapid progress which has occurred
in this development effort during FY'72-'73, it was deemed appropriate
to review the state of RSI technology at this time. Therefore, Ames
Research Center, under the auspices of the Shuttle Thermal Protection
Systems .and Materials Technology Working Group, hosted a three-day
symposium on Reusable Surface Insulation for Thermal Protection of
the Space Shuttle on November 1-3, 1972.

The objective of this symposium was to define the state-of-the-art
for RSI materials. The meeting was divided into five sequential half-
day sessions; each session addressing a specific technology area.

The first session "RSI Fabrication and Improvement" was chaired by
Howard E. Goldstein of NASA-Ames, and included papers discussing the
development of silica, mullite and alumino-silicate RSI materials.
Rigid and flexible RSI materials were described. The results reported
showed that mullite, silica and alumino-silicate rigid fibrous RSI
materials could be fabricated reproducibly. One paper described a
somewhat different RSI concept, a rigid closed pore alumino-silicate
insulation having good physical stability. Also described was a
silica non-rigid insulation which offers the possibility of minimizing
strain compatibility problems with the structure. While substantial
improvements have been made in the past two years, it was pointed out
by many of the papers that much effort is still required to optimize
the RSI materials. Substantial improvement in physical properties and
thermal stability should be expected with continued research.

The second session "RSI Morphology and Properties" was chaired by
Salvatore J. Grisaffe, NASA-Lewis, and included papers describing the
detailed mechanical and thermophysical properties of the rigid fibrous
RSI materials and their coatings. The mechanical properties as a
function of temperature for. REI mullite and LI-1500 were presented.
One paper described a comparison of the mechanical and thermophysical
properties of HCF, REI mullite, and LI-1500. Radiant energy transmis-
sion through mullite RSI was discussed in one paper and the high
temperature surface optical properties of all the RSIs were discussed
in another paper. The final paper described the microstructure of
mullite fibers. This session demonstrated that the mechanical proper-
ties of the RSI materials are reasonably well understood, though the
precision of the reported values is still in doubt. Thermal conduc-
tivity, particularly radiant heat transfer effects, are not well
defined for the fibrous mullite materials. Emittances of the surface
coatings of all the RSI materials are still questionable and require
further study.
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The third session "Environmental Testing I" was chaired by David H.
Greenshields, NASA-MSC, and described the results of arc-plasma
testing of the RSI materials. Most of these papers were concerned
with both techniques for proper convective heating environment
simulation and the response of the materials to the environment.
Two papers described thermal response in gaps due to laminar and
turbulent heating, respectively. In both studies, large panels
simulating shuttle heat shield configurations were used. Other
papers described the internal thermal response, catalytic wall
effects and material response to cyclic heating. These studies
were carried out on small models in uniform stagnation region heat-
ing regimes. Significantly higher thermal efficiency was reported
for silica RSI compared with mullite RSI. Silica RSI coatings were
also shown to be more chemically stable and less subject to crack-
ing due to thermal shock.

The fourth session "Environmental Testing II" was chaired by John D.
Buckley, NASA-Langley, and included papers that discussed the results
of several diverse environmental testing programs. There were papers
on the response of the RSI coatings in both convective and radiative
heating environments. In these papers, emphasis was placed on the
chemical and morphological changes that occur due to each heating
environment. Significant differences were shown between the effects
of radiant and convective heating. Convective heating was shown to
have more severe effects. Other papers in the session described the
effects of combined salt spray and cyclic radiant heating. It was
shown that salt spray is more deleterious for silica than for mullite.
Cold soak, acoustical rain erosion, and meteoroid impact tests were
also described. The results of large panel tests in radiant heating
and acoustic environments showed the silica RSI to be more stable.
Mullite materials experienced thermostructural failures in these tests.

The fifth session "Thermal Protection System Design and Optimization"
was chaired by George Strouhal, NASA-MSC, and included papers describ-
ing a number of specific design problems. Among these problems were
the adhesive cold soak, the effect of optical properties on thermal
design and techniques for mechanical attachment of RSI to the struc-
ture. The design concept of a non-rigid silica heat shield was
described. Papers on mullite and silica RSI, respectively, contrasted
the design philosophies and development maturities of the respective
systems. Finally, a paper on thermostructural analysis of RSI applica-
tion showed that mullite was much more subject to thermal stress
failure than silica.

In conclusion, it is felt that the Symposium fulfilled its intended
purpose in providing an "open forum" for Industry and Government to
present, receive, and discuss the most recent results of a young,
,intensive technology program. NASA needed the results of this RSI
technology program in order to make important decisions as to which
of the RSI materials to choose for the shuttle heat shield. Early
in 1973, NASA made the announcement that silica was chosen for the base
material and that a coating with a ratio of solar absorbtance to room
temperature emittance of 1.0 would be baselined.
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î
^1^>HDSWOc•H

*
0)a3rH0>
^

X
I

4
JcO
l

o5-1
cuex
oorHT
)CCO

0
 ,

in»>T
O

CoorHrHCO
X

IOS-i
O•r-l
aT

O
T

OCO
rHbO

M
-l
oT

O
4
J001

U
-l

M
-l

w

cu•l-lT
OC0)

H

•acu4-1T
O>
^

T
O

0)

•rXT
OO
l

x:T
)coo^miĤwOenr^C
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Jv^
cfl
0)V

4o4-1
X

iM•H0)^4-1fX0100O01
XH

Ccfl

rl 
C

O
0

 
-H

CO 
TJ

rH
 

C
O

 
C

O
CO

•H
 

4->
X

C
 

6
0

•rl 
-H

CO 
T) 

C
U

r
l 

C
 

5
4
J
 

O
C

/J 
P

Q
 

rHcfl
4-1
O4-1

01
X4-1

MH
\O

 
O

 
O

 
O

V
D

 
rH

 
C

J
\

C
M

 
C

O
C

S
|

>
,

i-HCU
4-1cfl
aô
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COâ>433MĤ01
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S

I
rH

CO•H4J3rHCfl

CU^
j0)

.c4Jr
l

3'Ocu0)G'O0cfl

cu3rHT
-l

C
fl

<4H0
)

SC
fl

0rH3O0

1000



ooot—
 .«

H
-

:zj
(2Q

LoJ

Q
_

C
J

1
0
0
1



TEST COMPONENT

oQHCOMC
J

cuM00

°
 e

O
 

O
 4

J
rH

 
}-l 

-H
4H 

a
X

 
ft

•a 
01

O
 

O
) 

P
.

• 
4
-1

vO
 

C
O

 
O

^
.-

1
4
-
1

3
0

 
C

O
 

1
3

C
J 

fi 
Q

)
•H

 
fi

-cr 
oo

• 
0
) 

-H
U-> 

J-l 
10

csl 
cd 

0)
T

J
X
 

Xu
 cu

CM
 

-H
 

J-i
• 

X
I 

C
O

m
 

&
rH

 
W

«
\ 

f^
 t

<J 
C

O
 -H

4H
 

rH
4H

 
O

• 
O

CU 
T3 

4J
ft 

0
 
ft

3
 

c
fl 

0
00

 
4
J
 

P
.

•rl 
W

 
P

.
4H

 
3

O) 
CO

co 
a,

•H
 

>
,H

X
I 

4
J
 P

L
,

4
J
 

C
J

X
I

fi 
cu 

cu
•H

 
*
£

fi 
a

9
 -H

O
 

rH
X

! 
rH

 
Q

)
CO 

CO
 

J-l
4-1 

3
CO 

CU
 

4-1
•rl 

0
 

O3
4-1 

fi 
J-l

P
. 

0
 4

-1
01 

CO
CJ 

13
C

 
0
1

 ^
O

 
4
-1

 
ft

C
£ 

1-1 
C

O
O

 
0

1
3
 
P

.-H
01 

P
. 

M
4-1 

3
 

P
.

1-1 
CO

O
 

01
P

* 
** X

I
P

<
 'O

 
4
-1

3
 

0
)

CO 
C

O
 

O
3

 
4
-1

>->
rH

 
C

O
 T

3

rH
 

-rl 
C

U
CO 

X
I

O
 

0) 
C

J
•H

 
rH

 
C

O
fi 

-H
 

4
-1

CO 
4-1 

4-1
X

! 
C

O
O

 
O

)
01 

a 
>-.

0
 

C
fl rH

4
H

 
rH

>
, 

ft 
C

fl
rH

 
3

 
C

J
J-l 

C
O

 
-H

cfl 
C

0) 
M

 
C

O
PL, 

X
!

C
 

C
J
 

0
<; 

cu
'*
"
 N

 
3

X
IO
 
1
3

fi 
fi

•H
 

CO

e still resisting vertical loads. This is achieved
ong radial lines emanating from the panel's geo-
long the longitudinal edges to keep the CPI bending
d, the webs are located to pick up the vehicle

rH
 

rH
 

C
O

 Q
)

•H
 

C
fl 

4-1
,C

 
T
3

 
cfl

15 
4-1

 
tU

 
J-l

J-4 
tO

 
4-1

" 
O

 
3
 
to

1
3
 

P
. 

3
0) 

0) 
rH

ft 
00

 
ft 

rH
•H

 
fi 

C
O

 TH
3
 -H

cu 
ft 

p
«

 ̂
ft 

O
 

-H
P

,t-H
CO 

P
, 

C
J
 
.

CO 
3

 
C

O
tO

 
rH

 
4-1

4-1 
C

fl 
-H

CJ 
C

U
 C

 
0

CO 
X

I 
O

 
-H

ft 
4-1 

-rl 
rH

4-1 
4-1

fi 
1
3

 
-rl 

0
)

O
 

fi 
"0

 
rH

O
 

C
fl 13

 
X

I
cfl 

cfl
T3 

C
O

 
4-1

C
 

P
. 

C
U

 P
,

CO 
-rl 

0) 
C

U
rH

 
J
-l 

O

C
 

H
 cd

cd 
cu

fi-C
 

fi
X
 

4
-1

 . -H
cu 

>-i x:
00

 
C

U
 

4J
O

 
C

 
4
-1

 -H
4
J
 

v
H

 
C

 
U

4
J
 

0
)

<U 
C

 
0
 

co
rH

 
C

U
 

C
U

•H
 

-H
 

O
 C

O
4-1 

J-l 
'rl 

C
O

O
 

M
 

01
O

l 
4-1

 
ft

X
I 

î 
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13ÔrH4-1
C0)
T

)C01ft0)
13G•
rl

r*

^•

.

coO
l

GCO
M

-l
M3CO

'OO
l

£>^J3OO4-1

4̂
J

•HrH•HoCO
4-JftCO
"X

J

^•

a
 f

cu133rHGG•H4-1ft0)GGOGO
i

4-1

l+HOCOCU6
0cfl

4JGcO

T
JCOCO

•H'O0)8oCO

cause stress concentrations. Additionally, plugs are
en for panel removal.

^ G
 

M
•H

 
ft

S
 

0
)

_
o

0)
rH

 
4-1

•H
 

C
O

4-1 
3a

MPM
 

13
c
j 

ccfl
0)
fi 

C
4-1 

O•H
C

 
4
- 1

•H
 

C
Oi-H

1
3
 
rH

0) 
CO

fi 
4J

•H
 

C
O

3
 

G
cr -H
01fi 

CO
0)}-i 

13
cfl 

CU

CO 
-H

0) 
3

rH
 

C
T

0
 

0
)

33
 

fi

•

surface with possible degradation of spring action.

4-1ofi0)
Tt~\4-1O4-10)COOrHGT

301
4-1
C

fl
GOrH01ficfl

reMcuCOcfl

ftcflGO
T

 -

*

oading as a result of oversize holes required for

rHrHCOCU
4-1
tfl
rH60
c•rl
^13'rjCO 

•
fi 

P
i

3
 

0
G

 
-H

G
 

C
O

0
 

P
i

cfl
CO 

ft
01 

X
rH

 
0
)

•H4-1
 

0
)

rH
m

 -H
O

 
4-1

4-1 
0)

P
i 

C
0) 

cfl
S

 
rH

0) 
ft

> 
1

0
 

C

•

he lightest system of all the post-supported schemes

4-1

CO^40)
M

H
14H

 
•

o 
aCO

l_
l J

..J

ft 
6
0

O
l 

O
G

 
»
-i

P
i 

ft
OG

 
C

U
,C

1-1 
4-1

0)
.£

 
13

CO 
-H

tO
 

'
^E

 
T

JCU
ft 

4
J

Cfl 
CO

P
i 

01
C

O
 

4J

I
 

>
y

rH
4-1

 
C

U

CO
 

>
0

 
-H

PM
 

CO
--. c
M

 
C

U
C

X
| 

4J
C

J 
Xcu

CU
fi C

O
H

 
c
fl
S*o13cfl

1006



Q
_

U
J

Q
_
<c/5C

O
oQ

_

10.07



w550§0uHC
/3

wH
 

--^

fV
^
 

„ 
t

Wus 
cu

C
O

 
M

<C
 

3
rs

 
to

o
•H

£
5

C
/31HC
O
0PHMPHO

OXO
*

eoCM

OrHXC
M

OrH04-1
CSCUCSoexso04-1COcu4-1

ĈU
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3COCO^4
JP
.

CUC
Jeoa

00£3
•HP

.
t-tcfl

cu•H4-1

M
-l

O4-1
f—

 |
3COCU}-j

CO30
0

•H, —
 |

O"̂1
orH3aCU

4
J00ti•H£_l

313

• •cu3rHO(3•H4
-1
CX0)O13Oacu4-1

14_|

OCOCU00cd4-1£3cd•acdCU60w

I out-of-plane warping due to thermal gradients .

pnu"4H04-1

3COCUJ_l

cdCOcdCO0)COCOcu4-1COMcuC3i-tooQr
j

a•H13•Ha
•

sliding bushing design.^rQ*oCU
4-1cdo£5gOOacOCo•HCO13cdp.XcucuacdP.Ic•H|—
 |

cd•HCO
P^•

MOcu4-1c•rl

0)CUCOCOcu4
JCOCU(~j

4-1COMCUgI—
 |

(
-
]

O-H^^4
JJ_j

oP.P.3COcurH•H4
JQ^40

4_l
-HCUt->oa•

• •
cu*"O3rHOe•H4-1P

.
cuoCoCJCU
r
f
i

J
j

m0COCU00cfl
4Jdcfl

T̂
)caCO

•H-0CUaoCO

acture with increased tolerance buildup.

M
-J3CgO4-1

4
J

rH3O•H4H•H•ocuMogCO
•HCU
rH•H4->

rHca£
j

0009CU
ss•

t is difficult and special tiles would be required.cCU04-1
C

fl
CUt-4
4-1

CU00

w

.

cup.cfl
^
rj

COCU
rH•H4-1

rHC
fl

(30•H4-1cCUaooc•

CU
rH•H4

JCUr
)

crCOcfl

00

•S§eC
U

4
-1

COCO

rHC
fl

C
J

•H4-1
{3cu13•Hacfl

acfl
r*

J->J»l
CU
•HCtf
CUS

s
j

i-H4J
^cj
00
•HrHCOca•iH4_)
p.0)ocoo•

eliminated most tile warping. Additionally, this
rHC

fl
•H^4cu4-1i0)

•HÔ4
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13cu>s
OrHCXscucuX
l

13rH30OC60
•HCOcu13w•He8CJ
COCU

X
I406
0

G2OEa13Cto1CXCU
X

i60G•HCOCU

X
I>
,

13CUcu•H^rjacoCO
•Hi-HCO£>Q£3(UrHcuGtOPM

13CU

•H3crcuCO
•HCOHcu4-1

"0C•HrjcuX
iCOCOcuoCJcO4-1CCU3a*cu4HCU1̂cur]|3

pt with a surface hole eliminates the need for a surface plug, but still

CUCJco0co131[
J

cuoCOcufj
p

on. A surface hole is provided to permit alien wrenching of the shoulder

•H4
JGCU

4Jcucu•H4-1
•rlCOOCXCOcu13•Hôcx
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ĉfl
43

rHCU
130aCOCOCU
*"OCOcfl
5;CO

•Hcor—
|

COCcfl

CU
£

.

0)M300
•H4-1CO
•Hid4

JC•HC&O43COcuV-l
CO

cu0
0

13cuCU
rH•Hw4JC30CJocfl

o4-1C•Hcu(04
J

4
J013

T
3-HJ
j

C
J

•Hr!jjMCO£3
' CO}_l

00op.CO
•rlCO
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4-1ACo•H4-1CO
rH3%•Hcu
IH•cu36

0
•rl
U

H0
)

4->

PM
C

NCO4
JCO4
JOCO

13CUCO3COcO£5

rH•rlOUHĈ
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cûij-j3OcucdCOcu(-*.ocd0P
.

P
.

cdwCcu043aCO^
Jcd

,-1cd0•Hrtcdr^oCU
Jg^•

CO
a)
•Hr
^£
j

4
JCO

Q^
J

(Y
t

oCO3O•HsQ)P
.

pjOCO(JO4_)

Ocd4
J

•

U**r]i"̂CO^3^04-1

^J-
inooC

M
rH1

TU
5•̂^4-1
Ocd.̂4
4
JC0u^4cu•̂§4JCOcdW

1PsGcdP
.

0OOCOo•H4-13COGO4̂
JCO

^COcd603OoiHr-H0)Ccons^rO

e subpane

^
t~

]

H

•
4-1CJ
CUP

.
COC•H"O£cd

43CO
•rl
4
33MHQ)i-i04-1

4-1
rH3a•H^4H
IH•H•oCO
•H4

-1

34
34_)

4360
•
r
l

0)s4
-1

4360
•rl
iHCO
•H430cdô_tP
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ĉu

o mechanical
4
JCU3cr

•HC3CO
•HX

IO•HX
I•k

4-1
CCUaCU^4

•H3crcu5-1^
j

cuX
I

4-1OG•COcu!
 
1

•H4-1

14-404-1CCUa4-1
CO3•n13CO

13Ccfl«
v

GO•rl
4-1OCUexCOG•H•<
rHCOo£3cu5-1

•COCU

•H4-1

13G•Hr~{cuf»COcuCOcfl
oo4-1
O1
4
-1

0rHM
-JCU

4-1

0
0

G•H4-1
a•H5-1
4-1COcu5-1

M
HOCOcfl
cCOCU
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BALL JOINT CONCEPT SELECTED

Figure 5
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•Hcu00COôCOp.B0•H4-1CO
rH3COB•H>,
4-1
•HCOBQJ
13£0rH^

rl

•HMp.QJ

4JQJ
rH•HoOOoOCT>C

J
cdQJMO4-1QJOcdocdQJ

rH•H4-1QJ0
0B•H§rHrHCO

4
34-100

•HQJ

COPMHCOcuo3*"UcuQJ00ÔcdP.
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Icfl

^ rHcu4-1cfl
•rt
T

3cu1•HCOS-l
3CJCJoCOCOcur
l

4-1COCU
rH•HCOGcu4

Jcu12cu>enCcfl^_
|

4
J

*"Ucofo0VOinI^>erfcuX
I

4
J

4
JC
fl

COCOcuS-i
4JCOcuCOS-l
cuCOrjcd4-1a)00C

fl
r
l

cuC
fl

^̂0*oCU

•H•̂HT
3COCOCU

4-1
COCUCOr
l

cu^»COccOs^4-1

I-HcoP
H

MHO4-1
0rHa^4
JCUC
J

0CO

CO01COCOCUS-l
4-1CO0

0G•H3<uCM•
4-1
S-l
tfloCO

•HX
I

4-1coGoX
ICOCO

•rl

CUG•HrHs^cu4-1
ca>aS-i
0)
X

!COcfl

01

4
JeoM4-10)CJ

Ccfl
4_J
CO
•H13M

HOco•H4-103

n_iCOCOcfl

cuC•HrH

X
-x

X
IC
J
c•HO
O•

i-H
\
^Gor-.
m

•
<j°

M
HOS-i

0)
4-101aCO
•H'OS-i
0)

COcfl
scfl

J_l
ocuS-l
cfl

C0COCOCUŜ-l
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mOrHĵJr-xoC
NO4-1

COCOCUr
l

4-1
CO0
0

C•H^cfl
cup.
MCOp
d4-1

•Ha•HrHrHrH•Hjj

4-1
tOX
I

4-1

S-l
0)
4
J0)

•HT
JG01

•H0
0

•
Sw0)
4-10)acfl
•Hro^
~
\

X
I

CJG•HOr-.•
rH^
^aCJ

rHC
O•

•*3"

^rH01
4
JCfl
g•HXOS-i
P

i
p.tfl

M
HO0)GoCO

•HS-l
0)
X

I
COcfl
Is

1048



LL.
OC

/)
LUQCLUa.oaU

J

£30
1

_JU
J

</>QC0
1
IC/)

ijj

C
3

O<

OI
x
-
^

Qa
:

aa
:

U
J
zC

O
•C

m
0
0

I

O

^
 
I

1049



HrH§3M|~~i

C
X

 
s-^

W
 

rH

tr. 
C

U
0

 
H

M
 

3
H

 
0
0

<; 
-H

j 
1

 
[
V

|

O
 

^
C

OI-Hj^
j
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O

3

cdto•H•HCD
•P
•Hi-Hi-H3ih
H

§0
3p

•HPCDeCD
0
3(3cdoft

< —
 \

u
.

oOoC
NO•pPL,

oOLOC
N1

^
^

O^
f

^
f

\Dr-HOPOvOi—
 i

i—
 i

SOfH
<4HC

D

bOp^cdfHCDS•pcdfHCDg0p

fHO6•H•P2fHcdCDf3CD
0
3OPCDfHCD

•HIf)
(30CJto•HPcd

0
3P

ft
Xgfte6o•HfH•poCD

i-H
U

J

i-HcdfHCDCCD
(_3CD
0
3•PX0
3

^
OCDftOi—

 1
CDĈD
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^Û
-,

oOL
O

C
M1

v —
 /

s
^

ovO,-H

.—
 1

OtnCD
i—

 i
•Hpt —

 \

-5c•HO
OX0
0

V
 

1

eoCM•
OXoCM•
0boc•H.—

1ooot-MoX
I

CD
4
Jto•HtncootnptoCD

PeCD
PtoXtoX
I3CD

CD

•PboG•Hto*~
l•

13e0fj"l

£
~c3ot4-j

i—
 tI

OOC
Maa,CD

x;•px:p•H2t/)

CD
^
j

rtfnPto
X

ItnC•Hr—
 1

rtOpx
l

CD
*
^C0X
)CD£.4

CD2toi—
 i

•HPCD
X

I
H

•
1 —

 \
U

H

O00toI
% —

 '

^oC
J}

0
0

toCD3i—
 i

•Hrt
*-Mocprt
X

I
,J_)

•oCD
PO•H13CDO

n

t/1rt^+
-»

•H

f\
P

t

CDCDOX
I

CoX
I

toCD
X

I
3r—
 I

OC•HX
I

0•HX
I•\

13CD
X

)
•HutoCDXI—

 1

3o•HCDp
i |

CD3cr
•HCX

I
00)
pto•HtnXi-HrtCrt

X
!bo3Ox:pr—
 t

^

•

CD
P•Hi-Hi—

 1
3.̂i

h-H

3CD
X

I
p£HoC0X
I

CD
X

I
P

•̂i
CD
X

I
P•HCDC•Hj_l
3OOO13•H*OtnCDfn3r-H

•Hrt
(POG•urtto+->toCD
pCD'/iCD
X

I
pC•Hf^3CJoox
t

rH3o2

*"OCDf̂HtotnPr—
 1

3tnCDCD
x
:p**

topto0p0to0x;Pc•HtoPf0̂60^H3tort06G•HrtfH
•Pto^-{
o130to30X
i

T
3

i-H3O0co•HprtPC0£23P̂toC• Hi—
 1

34-HW
)

G•H3(U
 "

goc

•toco•Hp•HX
I

Co0rS
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J

of
f
^

*J
m

Gbo
•HI/)
0r—

 1

rti-1o3too0X043Oi-Hs•H•H^
1

O0fHrt.—
 i

i-Hrt30T
3

•HtobO

•H4
JrtOo04
3GOto4->
(30•H"•(3rtHbo0J
^
3rtfn0O

,

S
3
04
J0£_i

to04-1Oto0•H0tort0toXt—
 i

rt0C•H130300to(30•H*Orto•H4
Jto•H<—
 1

rt0^
J

rt4
-1

03I/)

rtof_
t

0)

f_(

och
H,

0

i-H
•H4_)

<u|(-|
4_>

^4-t

o

00̂4
3COto•HC•Hrtboi•Hc0•Hrt4
_
)

C0toO
.

0H

•

t/)

§•H^
j

rtfnbo
•H4-1§Oi—

 1
rHrt*g0•Ht/)

I/)
3O•Hf-l
rt^

»-C4
J

•H^T
30)
grHo^
1
0P

H

0̂i03

gL
O
004-1O0Ortfn3000s4-1

•H134-1O§•H0C34-1rt{/)

rt

13043OrtS05-1

rt0g04-1

g3•HXrtg04
34
-1

4
3

•H^FH04
3U
)

bOO4->

o the temperatures predicted in
4
J0rtp
,

go00rtto4
J

t-H3(H0to0c*^
£—

 t

-d04
^00fn034
-1
rt

4
3to0r—
 I

•
H4
JÔ•H4
3

t 
N

4
3OC•HO
•

C
^J

V
 

/

temperatures measured in the04313rt

•HXI—
 (

rt(3rt
i-Hrt04
3r-HrtCo•HC0•H10Cobo(3•Hto30i—
 1

•H4_)

04
3

4-1O£H04-)(3<J0r^4->

0O43t —
 ̂

tuoOX
 

1

OooC
Nrto1rt£
^

K(/)
0£H34-1rtfn0§
*

04-)

bO(3
•Hrtoo0C

"{

4-*
J

^
j

rt
434-1

C00to04
3CrtO4
J

h
- 1(

i—
 1

0CrtP
-4

04_>

4
4Of-10C0u

ortoto04-1

C•H0O43

/ —
 \

P
H

0OLOi—
 1

v —
 /

^Oto0
0

•0Crt0(/jrtoC0• H^_l

^
j

0

4
34
JC•HSo•HO•H130O
H

O
1

r-H0

4
3Crt

43

1094



enC
M

C
M

C
M

C
O
inu<L

l-
C

C
=JCyO

roC
J

ccCDCDOu

oo00

o0(0
00

0oC\J

oo0

0o00

ooID

0o
o

C
/3

cc

CV
Jo<u_cc3G
O
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ftĈD

•a0)
ftCDCDf-tf-lCDCD

a
gooC
M

•aC
j

•8fnCQd
Q

 
2

ft 
a

1096



C
O

C
O

C
O

C
O

L
L
.

oC
O

zi'

C
O

zooC
J

oocoro(0o
i

C
MinO
I

L
UccOCLU

fo
il

eoco

C
Ooenz
|

°9
 It)

3
s

C
M

en co

X
 X

*
 in

3
s

U
J

CCL
U

C
fl 

I-

eg 
<

c
c

o
C

O
 
U

oC
O

een

X«eninin

s- e
o
 

^ 
-

X
 Q

.
 

x
 
o

3"* 
2

s
S

s 
J: £i

inin

oc3u

r 
C

O

in-
in

oca

U
J

CC

z
 
o

 
c
o
 m

g
 

cc 
—

 C
M

—

1097



C
O

LU
0•

O
 £

=> »
o

c
.i

C
O

LJU
OC

O

«•
CQ0+

«Ja

CM(NC
O

1

0p
'

a•rHd
1

0
1

C
O

LU

CO
•rHd

1

01
S3R

j

0

0T
30artts

rH
 

^
-g 

^o

CQ

1098



=3
 C

M
oo • —

U
. C

D

C
O

C
J

ccKC
O

u
.

oC
O

C
O

LUC
C

inCM

I- <
%™cc o
o

"

<
 C

O

C
J 

Z
LLI 

LU

LU a
5
 <

<
 c

c
C

O
 
«

0
0

O
L
 

"-

cc 
^o

co cnLU

<
 c

o
CC

<cc

COC
C

cc<O
.

<C
C

C
O

L
U

cc

OC
O

oC
O

a
 i-

—
 2

 
<

LU
 O

 
O

D
C
 
C

O
 O

X<

OC
O

>cc

>C
C

LUKC
O

oc<fe

O
C

 
CO

<
 ~

C
O
 

O

D
C

"
O

 C
O

"-2
5

 cc
O

 
I-

-J
 C

O

C
O

2
o

=
C

O
 
<

Z
 L

U
U

J
 
X

h- co
o
 a

z
 z

o
 o

CO
 

CD

ocC
9

1099



CDL
i

5

CQ3

§
 

^
d

 
C

D

COCQ
ad

.•aCQCQ

0tf

03i—
irtrt

C
O

+* 
d

-0
 

O

S
 

"O
O

 
C

D
-Q

 
C

Q
«w

 
rt

§0>iCQCQCQ0)

Lirt

fl 
"S

i-«
 

<U
<3 

^
- 

£
CQ 

•!-»
rt 

a
oo 

OCQCD>3O
PH

 
C

D

.g 
£oua•31-1oCQI

:3 
®

<DCQd0CQd•p
4

.g.grt£CQ

IA<Mrt

3
 
1

?
 
I

5
 

C
D-fj

^
 
1

I
 
*

£CQCD 
«
 

<

' 
-o

 
55

d C
D

r
t 

o CQaooo
•*

oo

<M

CQ(U

r .H
.g 

^
CD 

l-l
,3 

w
H

 
rt

coooo>-4->

S-3aCD

Sf 
2

5n 
*rt

CDO3HCQ0acc0CQ

x 
.2ca+JCQ0)CQ

CQ0H

rt 
rt

I «
rt 

0

! *
110 

£
T3 

C
Q

•
fl 

"
rtaaa

•2 
§

I
 
"8

•5 
2

o
 

rtIdrt.
CQ

0^ 08-CQ3

1
 3rtCQ

.a 
s

bfl 
3

LI 
i—

i
5

 
•**

a 
f

5 
?

i-
CQCQ

1100



<DC
mO

I

•*>d,.01

cod

N
IV

U
1S

8mS

ao

§
1

ooo00 
_

C
O

-
1
 O

>DC

QC

COU
J

_J
co

°0incsi

C
O

6

U
J

Q
C

<ccX<LL.
Ozouo(V

I%
 'N

IV
U

iS

C
O

C
C

IO

C
O

C
J 

C
O

U
J

-
 
azoCO

oc3C
9

O
 

.
—

 
C

O
C

O

inO
Om

1101



CQCQ0CQdoCQdCD

-CQ

d'd

.2 
S0f-lo

I -2

oooI—
I0

I
 *

CQ 
.S

coOCO

0|cdCQ

.2 
*

CQ 
-S

'I 
2

i^> 
^5

T
O

§
 

"
S

i

i i
s 0

C
O

ccI-LU

CQ 
,->

0
 

3
"O

 
C

Q
C

j 
0

I
 
I

O
 

^
CQ

t3
 

T
3

I
 
.S

t£ 0 ^
CDaotod3CQ0§••-4w5od

•s0IftI^
^

8I«MO0CQ

8 
io0^
2CQ

|0o2CQ0,do0FH

ctf '

C
O

 ,

oC£>
t
-

O0
|

te
 

o
a
 

"flj

rH
 

-°0X
>CQI0CQCQ05II&0en

1
 
"
I

a0Id

.-S 
.2

d
 

fe
n

2
 

rt
I
 
§

d
 

0

0 
^S

•B 
*o

7!a«w730.ag0

0?-<B20a.a50»T
3*1S

CQ0peraturia0•+j0•a"S
0

 
ft

^3
 

O
CQ 

"0

>.,> 
<U

O
J

OO5CQd'3isCQaIa0

strale

0§
08

 
'-13

:
 I

^ iT30CQO
)

CQ 
g

d
 

o
0
 

a
+> 

.SCD0)

0

.-sarto

1102



0
3

o0
3

in^uu
.

pccoo<t

<Uooc£X

COU
4

a<oc

V
)

ocU
J

C
MG

O
CM

 
V

)

OXOCO

qCO

V
)

Z

C
O
<a
.

<£u

C
O

cc
to 

"J

C
MC

O
c\j 

ooC
f

Xh
-

a2oC
O

oo
o00oo

o(Oqo
q6

gq6

%
 'N

IV
U

IS

1103



C
O

L
U

CM

DC
UCDOU

3ldng has been experienced on the

; has been seen in both ia-house

2 
.*o

•"S
 

U
CJ 

m

f 
a

rv
 

+
j

o 
£

pf  
w

1
 
5

it the coating has adequate str

sma arc and entry simulation

Although Figure 19 indicated tha

id sidewall coatings. During pla8r>.

f

•ocoia"8•i-i

1CQCQ

"0P»0ofo1doCQco0id•i-l

1CQCQ0

conduction and of three-dimensiona]

1sB̂t3B03

.S2Ping has been thoroughly investThis tendency for coating cracki

CQ0f-4

01FH8̂o°0oCM

°0rH"35CSCQ§»-l0i—
 l

i•sIoo1.95rtOo0rrlses. These analyses indicate th;>,COi

t this point which aggravates thecad2•^0•**_d/1^creases results in an incremental in

g0*§1CQ

f1gbC
.a1O0"•+J

"o

9co1g0•p
*

06*o060d10CQ

i

the tensile strains predicted fr strain condition. In addition,00o

Oco0
• 

J3

«*-!
O•|H

•8JCo-UT
JbC

.a•1ai— i/T
?

d'CQ
. 

0a• 
»i-lhad been predicted using two-

IJ=
1 .2
! -^

• 
CQ

' 
dJ2

. 
0

• •a•I-H

. 
0

! 
bo
£"0•Ooa

0i—
 i

0•rH

so0-<->0N%do*0oa

ency for sidewall cracking is most

•s00•U^Jcdience ,?-i0B-0"CQ
_
00iCQ0CQrt

T3fli
Wc!S,a•IH0CQ000CQ0CQ

cool down caused these cracks tobJO
.a•o0•1—

 1

0^3d•rH

rr*e strains subsequently induce<

•PHCQ^^8-1bC
.213T

50OOsoa

i form. Detailed examination ofoCQOrtoF
—

 1

gO•£•iH
T

3
T

3n4i in the cooler corner causes ic.2CQ

r—
 i

00O_d0-Cdrt0rtoa

surface cracks, indicating thatexo0.dt3C3rttionship between the sidewallrecords indicates a definite rela

W§

: propagation occurred.

Ja:0c^o

1104



5
 «

"
u

j£

u
 a

—
 <

0
0

U
J

CD2UOC
u

/TV

CDOC
oCD

LU
 C

M

CO2
 a

o
 =

a
"

ocou.>-
2

 
0

"
J

3
 

o- uZ
a
 

£
 u

j
co 

^
 J3

i 
|_

 -•
 S

co 
<

 z
 cc

>
 

U
J
 
U

J
 *
"

=
 

>
•p. -.
2
 

^
j** 

D
C

u-
U

J

2
 

1
CO 

U -
3

 O
K

 C
J

eg o
c
 o

tt°l
8Ma. <

 Q
O

 a
 o

.
-j <

 o
^

f
e

°
r* °

 u
j

co co

OI-=2
 
Q

.

5
 
-

ocCO

oc oc
LU

 
LU

o
 o

c
o
 a

o
 o

.

C
M

C
9

«
 

«
S

=
 1

 
"
^

ociocIlo

o
 

ocaCO

115
^
 

C
J
 

=
*
 
S

 
2

X
 

5
 

U
J
 U

J
 
Q

C

E
 

U
 

C
O

 
C

O
 O

ca<EOU

CDE5LUOC<oc

1105



C
O

^
 
1

C
J
 

.»
<

 ft-
DC

CDOu

04
3•Pt/1•36<nto0C4_(

•HP100i—
 1

•HP04
5P

•\
t/)0• H!_)
C0-oC0pbOC•H*^*
OrtJ_

(

0bOC•H)̂rtOO04
5P0rtC•Hg•Hi—
 1

0Opprt
4
50•4_)

rto•HflC•H1/50toXi—
 i

rt

^

• HtoC•HrtfHCO0t—
 1

•HtoC0P6•HXrt£
3

0
4
5O•PtoC0•Hp34
3

•H$H
4
.)

Coo
i 

4
-*

4
5bO

•H,—
 i

tpT
3Crt

i—
 i

rt

1̂3•Hto0M04
5

4
5+->O4
3to0O1̂30£Hto•H45E
-•

130tortsoC•H

fHO**x
^

T
JrtXP•Hi—
 1

• H

4
3•HX0I—

 1
4
-1

fH04
5

•H0to0*o•H^>0£Hfi ,

i—
 i

. i—
 i

rt30•HtoboC•H•PrtOo04
5P*-HobOC•HfHj3opCo0

"\
0f_l
o0̂4
5+
JfH

0̂
.•boC•HPrtoo04
5

boC•H^
Jrto004
5PC•HtoC•HC<J
fH

-P0i-H

•HtoC0PC3e•H9gtp.oi-H00̂i-H0t-^
Pto0o^*"O0fHfH04
5£H^ t4_l

'OCrt

*X30fH
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US IONS ON COLD SOAK ENVIRONMENT
(Figure 13)
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•U•HÔf̂topT

)O-dd>(Uto•HtoCO•H4->cd3bO
•H4-(p

j
OOi—
 I

cd0• HO
j

^
J

•pP
J

ObOC•H4->
toC

D

i-HC
D

C4̂->

'O*̂H;s

•Co•HPcdO4
HC•HbOC•H^>to•HXCD

4-1Oto•Htocd<D
X

!C0*X3(U
X

!
to•Hi-H
X

)cdtoCD

X
iCcd0to^
1
o0cd

4
H0•Hp
j.̂̂

"̂
3OCDcdcsoto4.)OCD

M
-H

tj_
JCDftCD

4->to

*"OCcdftcdbO

1160



C
O

OZ

ĉ

CNO

O
•

oo
•

o

OZ<!oi

>Ooot0w>OatOOoa*O

o(S

1161



11rC 
O

O
 

fl 
«
J
H

fn 
o

 
<«

CQ

..§ a
P

 
C

QCQ0
.a

~
 

o
«w 

in
o
 

o
a 

o
 :s

CD 
•—

' 
i—

i

§ 
a 2

8, 
« 

8
<M

 
<
M

 
0

«
M

 
iH

 
rC

O

O
 

O
O

 
O

bp 
bp

«
 

a
i.
 
.
r
HcdOoa

W
 

O
Q

0
 

W
•a00)

CQCQ

£
 

°
co

CQCQ
d

O
C

I
 I
 
'

o
 

0
o

.§
 
I
 

I
' 

§
ifl-

 
d

joa 
|

!§ 
«§

:3> 
^

IE 
§

S
- 

o

5

cor
t
 
5

i—
i 

3

co 
'S

&
 
I

"ra 
Oo

'3
 

'
r
H

'

rt 
<
S

«<-H
 

T
3

-3 
2

^
 
r
!

O
 

E
H

rH8 
ti

«r. 
-2

II
1
 I

oo
T

O

ooao > 
£ 

cd
? 

§
 

g0rH

I

0
 

0

COcocd

05 
• 

a
£! 

E
 

o
• 

-2 
o

°
 

;§
 f
e

- 
5
«

 
N

co 
Qj

S
1 

8 
s

6
0 

h
n
 
-2

g 
SP s

I
 
-
6

 
r
S

H
 

-w
 

-"

I a
 -s

0o

* II 3
O

S
 

r
H

r
-
 

O
cj

a I
rH

 
Q

0
 

0

3
 
!

a
 

G
5

 
0

rH
 

C
Q

a
rH

_
, 

»

•§ I
a 

«
•d 

0

* 1
co" 

°
a, 

to

I
 I

3 
II

C
O

 
rH

 
b
O

0
 

b
o

o
 

o

S
^

I
I

y> 
cj

„ 
S

 a
O

 
9

 
co

CO 
I
 §

4-> 
0 

a
O

 
r
H

 
O

§ 
jg 

§
0) 

53 
42

1162



0QCOOa*Oua.

0oo<
r

_
_
 
^

o<

—
 

H
100W

S
a,

* m
(H

100W
S

) 
N

O
I10iyjN

I>
IS

 +

N
I)IS

S
dV

9 "N
l 0

6
0

'0
+

[

Sd31S
 'I

( ao)

C
X

J

0
0

L
U

OOO

C
M

§>£

L
U

Oa.oooa:

1163



£<«owo.<0<CQOfcBfa3aoCQHOWfafaWenCOUSOpo««oH<_}

•«
.

<

CQ0I-H

Ha«wHO<
 
^

PH
 

C
^T

<
| 

<
M

SB 
CD

O
 

i-t

o .§>
|fi.
"7£+S 

'-
oP=!
W<

£-»->G•i-H

T
30)rH

* •|«HCOG0oCD
,0-*-»co3aSP•euaOSGS2CDCQCD
X

i
•«̂.̂£HOco^
>ogCDcocoaJS3̂ôd)orrt
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HILE TOLERANCE /GAP RELATIONS

(Figure 24)

HHIS

73§1COPHEH«MoC
O

<0
•I—

 I
73a•sO•rHDf the aerodynamic and thermodynamCO
•+Jf\dt•>H>

1
,HSw

w

a•PHaIV£sgO

>,
e?BdiembledenCOd0)
•4Ja073aderance requirements on the RSI tiles

I-H

a•s•rH

31CD

30)
,0EJ^—

 H
•rHC

Q

ft0)
-(->CQ

aQCMOrHO1CO0>
I-H
•rH
•«->

d•SI-H
"pHCDaO•+JgfHafv!ition imposes a minimum gap requir<

1OX
.%OCQ

73I-H0UCD
r .
HcoCD
I-H

52t+
HO

,«-!
•*HC

i
^a•rH

C
Oa0<M
*

in»-Hg S
i/

I0)
,QS

1

«a•rH

O§
•

o_aoCOt-oo73§CQ01
I-H

53£"o•S3i1ooCM1^3CD

^r^
•i-HoA•F

H

oso
.

,0)rH1nimuma£a0cdCOCDrnhanical loading at temperature impos8gW1ds173tiles— an

.e size and thickness.

F"
1*

53aabJDgo
.

1•aquiremei

-4->

1da).c-4J

5fCDrHT
O

^•4
™CQrttiles are rectangular, deviating from

1•85CQCDCOCOdt;doCO
•rH

H

4->OaS1
«*

CQo>-rH0>

"
3

-
MC,)£-*jgalerances, combined with primary str

5tjSS,c<;0)orH

2̂0)
5•s

cuurtrHV•s-u«
J

3•83uC
J

aCDO>
r
SI?
rtCOCD

r-H
•rH
-UOoLO
rHI-HhH0)
1—

 H

1i•s•8•rH

3aa•rHt»C
Q

•iH

6.a730)
73"̂o.a@.0)
,0

73(UCQCQOj>>

1CQ<DS,CO
•IH

2"01Oi—
lninimum tolerance of ±0.25 mm (0.0:P<H

ds-•rH

U
3

Oo
•

o7gCO1-1o-H<4Ho

<CO
18oo§53dSoi
43CO
.a0)U1rH>

>

1!•rHCQ

1O&bJDc3I-Hg&S2"U.aoecoo_a3HCOc-o•?<

<D

rrHC
J
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e ceramic coating or aCOccu13cfl

S-l
01r*.
4-1
•H0

1

MHO6
0c•H4-1CO

•HCOCSO0r
l

cu•Hr
l

r
l

C
O

C
U
r
l

34-1
CO
•H*
rj

Ccfl

C•HXCOo1cfl
cs1300)cflcscfl
j*4-1
C

fl
CUCS0)

41

•rH•H0M
HC
J

•HrHrHC
fl

4-1

B

"̂
»

0rHrHC
fl

J-l
CUC

X
3CO

s . The shear modulus0•H4-1CO
•HJ-l
0)4-1
OCOMcfl

43OrHCfl
r
l

34
J03S-i

4-1
COcu3cr
•Hcs3COcfl
43t—

 |
cfl
•HS-l
CU
4-1
CO.
g»
rj

rHCU
•rl
4
3CO4-1
cfl
0>

4360C•H4
Ji

r-l
3COCUr
l

0
)

43H

into the underlying

13cua313Or
l

4
JC•HCO

13cfl
0rHCUcctfS-i

4
3Bfjj

*occfl

60C•rl
13C0)
4
34
JCO

434-1

r
|
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us materials . The sharp0r
l

X
I

•H
M

-l

4̂-1
•HCOGcu
13rHr-f
cu4-1
OX
I

4-1
•H^4-1CCU
4
-1

CO
•HCOGoCJK

»̂

rHrHCOcuccu60cuCO4-13CU30
*

•H4
JOccur-l

C
fl

transition to a "free-

cfl

M
-l
0CUC

J
ccu•HĉuCO

•H0)^
13O/—
 N

oO0
0

N
-X

C
J
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Ŵ,_JJ

PHHJ
^

XCOOC
O

COCcu

•HOcuexCO

XCOQ
1 

enB
V

4O•Hĉfl
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û̂cu
U

)

00c•H4-1
cfl
O

'
OCU
X4

J

$§cuX4J

M
-l

O•HrH313§O•H4-1COCfl
i-40)CU
X4->

13GCO• •%C
O

rH0)
rH•H4-1

CU
J34

J

<4HOCOCOCUcA
io•HX4-1

• *v

CNJ
Qooc•H4Jcfl
0OcuX4-1

<4H0COCO01GIW>4H
•rl
4-1
CO

rHC
fl

t-l

*.*ri
<urH<4H

••H
OT

3CCO•H
a4-1
cfl
e

1212



-K
r

crLdU
J

o

ITCOLdCDQLUCD

<OO

oren0U
J

ff\Q
y

OU
J

<

' STRAIN

L
L
.

OObôr
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-1Oî0)1
 1

ccu0CU

4-1

4-1COCO3Ouo

14H-HC0
0

•HCOCU
JS4-1CUcfl

y
-NCOCUMcfl

HctfpjO•H4J0cuCO1COCO0V-I
o60c•H4Jcfl
oCJ

TOacfl

3rH3'Oo00•H4-JCOcfl
i-HCUCUr* 1,
4
J

4
-1O4-1
O313OJ-l
P

.

CVJ
eq00C•H4-1cfl
0CJ

0)
&14_|
o

,COS-l
CU
4-1
CUacfl

cfl
Ci«

4->p
j

cflCJ
•H

1216



U
J

A

COATING STRAIN DUE TO IN-P
SUBSTRUCTURE LOADING

3DSX
/COATING /

1s»«

•o
.
 J

\ \

\̂ \
\
\

\ \
\
\

\
\

\ \
\ \
^ \
\\

——
 -

xfe  
5"

|
 

' .
 
K

?
<n 

• 
>

§ 
•• • 

•!
CO

 
.e

v
il- 

B
U

l 
\y

v~l

0>fxpoo
E

8

1217



st3HOPtfHengC
OfHOOsl__l

5o»Jw5 
""""̂

in
 

iH
PMI 

c
u

&
 

n
M

 
3too

Dd 
-H

O
 

P
n

Fn 
^

S3OMH3oc/oMsMP
§

HC
/3

oS
5

1 
1

H•̂
J

OC
J

£»,
iH<u•rl
4
JCOHcuCOG0ocfl|̂

O4-10O•Hcfl
iHOCO
•H$CO4

JCOc•H4-1C
fl

Oacu434-1

4
-1Ofi0•H1 i
3tHOCOcfl

COcu4
JC
fl

£CO^tH, —
 |

•HvOcuJ-l
3too

^Hfn

34-1O3}_i
4-1CO3CO

4
-1O4
Jf3CU0J_l

CUo.
oCMO4

J

intH4
JO•acu•°0.urO0)

4
Jo•HT
)cu)-lcucfl

CO13
•Hcfl

4-1COtoO

•H1 1

cfl
oo•CM

pq1-1o4
-1cu4
Jg•H4-1

COCU

COCU(-;OC3
•Hro04-1

dgOU™
1•

l̂O4-1

mg0r i i

toO
13
•HtoO
(3CO*"*COcuCOCOcuS3o•H434-1

434-1
•HCOCU
.H•H4

J

^—
 ̂rja(3•HCNf—
 I

\
^

 X

gaoro}^o4-1CO(3cfl
i-t4-1
CO

1218



LUor
«

?
O

o
lA

-0
zc

c
°
fcGO

oC
/) U

_
"
O3

fiL
U

!5
i

O
_

l
0

0
-I

10

EoulI-u.oXQ_LUQ
i

T3

O
p

LL.

ro 
cvi 

—
13N

V
d
 JO

 a31N
30

 IV
B

^niondisans 01 ONIIVOO do

1219



wHC
O

WHHC
O

OWXC
O
oen

36
0

•Hfe

C
fl

CUt.
Mctf

x
-x•

a•HOC
NX0
0rH

*^
seorHmXV

£>-^
"
•
Jcfl

6
0
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Hg—

 J
COCOCUt-l34
Jtfl

cu

COcu•H4-1J_l
cucuo)_(
cu

,—
J

C
fl

-H}_
(

0)
4
Jcrt
g*-Woc0•H4-1

§rHtfl
>Q

)

r
^cu4-1

•HS•rH
rHtfl

*T3cto13CUt-j
CO
•HrHotfl
4
JCOCUCUMCU*jCOcuCO0>CUu0t-lC
U

CJ0•H4
Jcfl0•HMtQcfl

CUMCUSCO
rHCU
1306rHcfl
o•H4
J^rHtfl
c<ti•

1r<0
0

OĈ
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ŝ

.̂

S
-

O
)

O
)

EC
O

f̂
s
,,

ooT
3c03Q
)

4_>
•r~

!—,—3£S
-

oM
-

x
—

 ̂•
C

^

•
r-

i—L
O
•

co
x
_
^

^
_

<D
^
j

CDECT>
C

O
OOC

O
• f—C

O

O
)

C\xo•1—

S
-

0
)

E1 —C
O

C
O
ooo

•

o•oCto0
)

•r—
r—^
_3ES
-

o4—

X
—

 ̂•

C•1—

coo0s-O
J

4
^d
)

pz

C
V

J
^
0

r*^ooooC
O

C
O

C
O

<DCo•1 —C
"

^_>

01
• ̂-fjn3OO

•
>
.

s-oC
J

0
)

(Os-4«>

Q
_

CVJ

fOO
)

S
-

^
^cu

^=S
-

o<
t_

-ocuN•r—CO0
)

s-0
)

2C
O

f—10
•r—s.cu4

JraEcuCO

J
Z

1r^

•

too.̂r—• ̂C
OS
-

o

(U

<D
 

4->

C
 

£
CU 

O
CO

 
•!-

cu 
•*->

^—
 

(O
Q

. 
r—

O
)

CUro
 

-i- CO 
•— O

 
i—

••- 
c
>

•
r
-
 

O

1244



Qo

Q
 

P
 

K.
£

 
K

<
 

^
T

 
X

uZ75O

a

z
 r^?

1245



o_J
O

-

h
-

LUL
U1

L
U

0L
U^
 

^—
~*

C
£ 

C
T>

OU
_ 

C
U

LU
 

i-
Q

 
3O

^
<

 
T

-
O

 
L
u

t
—

 1
 

^
—

 "

_
J

I —
 I

coo^
y

<cL
U

h
-

1—
411

~
^

s:

,.

) deformed finite element models

oSr—I
t-H
|

•x
^
^
x

fO0^
«

•r-
CO

-acfO

Ĵ
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-acûj033O^
~03O>
^

-PCU

03to(4 —OtoE•r-
cn,̂03Ecu

_
E

1—

C
U

s
:E0•ocuCO03

J
3

-oCU03C
T

COEcn03

cu.EEcn
•r—COCU
-os_o4
-CU

+
j

03
• P-
S_Q

.
OS

-
a
.

a
.

03E•r—

T
3CUCU

T
3

•^COEO0cus_03tocu1~—
_
Q03sot—^_03cucn03i-<u>03

use of the plane stress assumption. The030CU
.0-pocu$-i.o0>

^
r—^
~fOo•r"
S

-
cuE3E•P0ECUS

-
03EO•i—i.CU

•r—i-ototocus-
4
0CO

-aO
)

E•r—oEOO

-acuE1O0cu
.E•pEO-ocuto03CU03toOEcn03E-Pacus_S

-
oocu-ps-o({_

T
3CUs-3C
T

CUt—to•r-

COCOcuS
-

-pCO

t^_ocu-p03
-Pto
p—03EOCOECUE-aicucuS

-
<—
-p

.EO•r—s_cu•p•r—i-o

1254



<
<

u

f5<u

Oto

C
O

OCM

Ou

1255



C
M

O
O

>
- 

>
-

h
- 

O
L

L
U
 

e
t 

i_
<-L- 

<_3
 

"Z
.

=
t 

i—
 l 

L
U

0
0
 

_
J

U
- 

o
o
 
|—

 
^

o
 

-z. i—
Q

 
I—

 I
2=

 
2=

 
C

O
•—

 ' 
<C

 
oo 

s-
C

D
 

Q
 

3
O

i 
L
U

 
2
: 

C
T
>

=
£
 

1
—

 
O

 
••-

^
-
 

h
-H

 0
 

L
l_

_
J
 

L
U

LI- 
—

I 
O

O
o
 

ra
 

.
s
: 

o
O

O
 

LO
C

£
 

C
M

^
>

Ot—̂o0

•r—-P01C
u

OQ
.

O.0
0

-aErOEOCO
+Jrotocu•Mro3-a•r-

T
3£•r-

0
)

.£E0-0CUrO
.a*~
—

 x

C
VJ

to^*

N
*̂>
^

4_>

a>4
-ro

4
-O£•r—O
l

S
-

<OE4
-0to<-""S

OE0

OoO
)

ro

T
JCUOC
L

toOEOoO
)

-EI—oC
D

LOi —
 i

Ooo
. 

i

ro0•r—i/}

-oC
"

rO

*—
•
 N

,

^
£

|—Q>
•L
U
0N̂

^

0
)

•̂r—
 •

r—3ES
-

o4
-

-o0
)

•P£0
)

toCOS
-

Q
.

O
l

S
-

fO

MS2 has been discussed previously. The contours areO
l

£•4-)

ro
r—3O^
~ro0S
-

o4
-

T
Uo.£^
JCUEcu

_c}._•
ooco.o

1

T
3Ero*

C
M
*

O
1

£i.3OOOEro

4
-OOCU

£CO

T
3S
-

£CU

'coCO

4
-J

3Oc~

4
-*

•r—^+
J0C
L

-j_)ccuECO
r
^CO

"OCO^ôCO
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IĈOCUP
i

cuX
I

4-1

4-1cfl
X

I
4-1

T
)CU

4-1Or*CU
X

i

13rH3OX
I

4-1
M

•
cuocfl

M
H

T
3

-

^4cfl

o<4HCU
X

I
4-1

M
H0MCUcpoocuX
I

4-1

e surface.

X
I

4
JB0JH

M
HB0rHooroC
N•

OM
HOcu0CCO4
JCO

•rl
13C

fl

4
JCO

vOCOa?
IxiCO
•rlP

.
C

fl
0
0

Hcfl
c•HT
J34-1

•H0
0C0rHcux:4-1

M
H0e3C
fl

cur
l

4
JCOC0-0^rH4
-1
0CUr
l

•H13

0
0C•HCU

X
I

0
0

•H4Jcfl
CU

4
JCOcu-a•HX
ICU

X
I

4-1

X
I•J

•rl

^*»
Co•H4
Jcfl

4-1Ccu•rl
J-l
0cuc•HrH1C•rl

0)
X

I
4-1rj

OoX
ICOCO

•H0)N•HCOO
,

cfl
0
0

rHcfl
C•H1334-1

•H00CorHM
HO4-1

C
J

CU
M

H
M

HCUCUf-j
H

0)

•gcflP
.

CO00

xTOc•HvOrH^
,̂

ro-~-xgO(NvOr̂
*.

*^~•
oCU
x:4-1

^1OM
H4-1COCU

X
I00

•HX
I

4-1XCUccuX
I

4
JM

P
.

cfl
00

^-^
X

!OC•H0
0

^
.̂

rH\~
sBomi-HC

O•
OcuX

I
4-1

JHOM
H

130M
H

CUC•HrH1C•H

• 
CU
X

I
4-1CocCUcuCOCO
•HcuN•HCOp.CO00cuCO
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CONCLUSIONS
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